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SUMMARY 
Neutron dosimetry is a problem of concern in many areas of health 
physics and radiotherapy. Considering the present state-of-the-art of 
fast neutron dosimetry, new developments and improvements in this area 
seemed desirable and justified a detailed experimental investigation. 
Among the numerous methods being studied are various track-etch methods 
in which the damage regions left by the passage of heavy charged parti-
cles in appropriate insulators are enlarged by subsequent etching pro-
cedures to make them more readily visible. 
An electrochemical etching method for the amplification of fast-
neutron -induced recoil particle tracks in polymers was investigated. The 
technique gave superior results over those obtained by conventional etch-
ing methods especially when polycarbonate foils were used for recoil par-
ticle track amplification. 
Electrochemical etching systems capable of multi-foil processing 
were designed and constructed to demonstrate the feasibility of the tech-
nique for large-scale neutron dosimetry. Electrochemical etching param-
eters were studied including the nature or type of the polymer foil used, 
foil thickness and its effect on etching time, the applied voltage and 
its frequency, the chemical composition, concentration, and temperature 
of the etchant, distance and angle between the electrodes, and the type 
of particles such as recoil particles including protons. Recoil particle 
track density, mean track diameter, and optical density as functions of 
the mentioned parameters were determined. Each parameter was found to 
XVI 
have a distinct effect on the etching results in terms of the measured 
responses. 
Several new characteristics of this fast neutron dosimetry method 
were studied especially for personnel dosimetry using various radiation 
sources such as nuclear reactors, medical cyclotrons, and isotopic neutron 
sources. The dose range, neutron energy dependence, directional response, 
fading characteristics, neutron threshold energy, etc. were investigated. 
The neutron dosimetry technique under this investigation is rela-
4 
tively insensitive to high doses of x- and gamma rays (e.g. 10 rad); it 
has dose-equivalent response (rem) and it provides high spatial resolu-
tion. It was used for measurement of dose-equivalent of fast neutron con-
tamination in high energy x-ray beams from medical betatrons and some 
results are reported here. Also some studies were conducted to compare 
the response of this dosimeter as a function of depth in bone-equivalent 
fluid and plastic and tissue-equivalent fluid inside an elliptical phan-
tom. Both bone-equivalent materials performed equally well for fission 
neutrons; however, bone-equivalent fluid provides more flexibility for 
heterogeneity effect studies. Some results on the neutron dose distribu-
tions near bone-tissue and air-tissue interfaces inside a cubical phantom 
are reported also. 
In conclusion, a neutron dosimetry technique is presented in which 
sensitivity and track diameter can be controlled simply by some of the 
parameters governing the electrochemical etching results. This neutron 
dosimetry approach provides simplicity, flexibility, and feasibility for 
large-scale neutron dosimetry. It has promising applications, especially 
for fast neutron personnel dosimetry since it provides many advantages 
XVL1 
over proton track registration in nuclear track emulsions and fission 
fragment registration techniques. As another approach, spark counting of 
recoil particle tracks in conventionally-etched thin polycarbonate foils 





Due to the vast increase in the number and scope of nuclear power 
operations, high voltage accelerators, and intense isotopic neutron 
sources, there is a great need for the development of improved neutron 
dosimetry techniques for many health physics and radiotherapy areas. One 
problem of considerable interest is the monitoring of personnel working 
with these facilities, especially with fast neutron sources. Therefore, 
a neutron dosimeter that avoids many shortcomings associated with nuclear 
track emulsions such as post-irradiation fading, fogging by other types 
of radiation, tedious microscopic counting, limited dose range, etc. is 
badly needed. 
There are also many areas in radiotherapy, human radiography, and 
radiobiology where there is a need for a small, low cost, tissue-
equivalent, neutron-sensitive dosimeter that would be insensitive to x, 
beta, and gamma radiations and that would have a high spatial resolution. 
Obtaining information on neutron dose distributions near biological inter-
faces such as bone-tissue and air-tissue interfaces is of growing concern 
to many health physicists and biomedical researchers. Monitoring of 
patients undergoing neutron therapy is of great importance to medical 
physicists. Furthermore, growing applications such as output measure-
ments of neutron sources, dosimetry intercomparisons, area monitoring, 
fast neutron contamination measurements in high energy x-ray beams produced 
2 
by betatrons and linear accelerators all point to the need for an inte-
grating instrument having some of the features mentioned above. 
No single and simple integrating fast neutron dosimetry technique 
is available to satisfy all the requirements of a good dosimeter for the 
above applications. Among the various existing techniques having the po-
tential of being improved, it appeared that track-etch methods are among 
the most promising. In this method, charged particles bombarding a sensi-
tive insulator (especially polymers) produce a narrow trail of damage 
along their trajectory. These damaged regions can be made visible by a 
chemical method so that they are etched more readily than surrounding 
undamaged material, leading to enlarged holes or tracks. These tracks 
can be detected and counted by various methods such as visual counting, 
densitometry, and many other methods described in Chapter III. 
In this dissertation, a new electrochemical etching method proposed 
by Tommasino (1970) is studied for the amplification of fast-neutron-
induced recoil particle tracks in polymers (Sohrabi and Becker, 1971; 
Sohrabi, 1974). This appears to be a superior technique leading to am-
plified tracks in many polymers, especially in Lexan polycarbonate. The 
characteristics of this technique including parameters affecting the 
etching of recoil particle tracks and its capability for large-scale 
neutron dosimetry were studied and are discussed in this manuscript. 
These results help to provide a better understanding of the physics of 
the technique as well as to provide some knowledge on how best to control 
the electrochemical parameters for dosimetry applications. Also, the 
characteristics of the dosimeters developed in this investigation were 
determined as applied to various neutron dosimetry problems. As another 
3 
approach, a preliminary investigation of spark counting of recoil parti-
cle tracks in conventionally-etched thin polycarbonate foils (6 \jjn) has 
also been explored. 
1.1 Technological Considerations 
1.1.1 Development of Neutron Dosimeters 
The discovery of neutrons by Chadwick (1932) attracted the interest 
of many scientists and technologists in employing neutrons in many radio-
biological and physical studies. This led to a rapid development in nu-
clear technology and for devices to generate beams of neutrons and charged 
particles capable of producing intense ionization. Thus the prospect for 
large-scale neutron research, nuclear power operations, accelerators pro-
ducing high energy particles, and intense isotopic neutron sources, etc. 
grew significantly in a relatively short time. This rapid development 
increased also the potential for excessive irradiation of a growing number 
of radiation workers. Therefore, a need for the measurement of mixtures 
of neutrons, gamma rays, and other newly discovered particles was obvious. 
A number of techniques was developed and many devices were designed and 
placed in service to measure beam output and energy spectrum and for dos-
imetry in problems arising in area monitoring, personnel monitoring, ac-
cident dosimetry, and a variety of other health physics and biomedical 
related applications. 
Of particular concern is neutron dose measurement because of the 
high biological effectiveness of neutrons. Here one needs to determine 
the neutron absorbed dose, D, or dose equivalent, H, at a point of inter-
est in a radiation field to relate the biological damage it causes to the 
human body or a particular organ. This process is called neutron dosimetry. 
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Although there is a superficial similarity between neutrons and 
gamma rays, dosimetry of either type in the presence of the other causes 
some difficulties. Gamma dosimetry is simpler because some gamma dosim-
eters are relatively neutron insensitive and in many practical situations 
gamma fields are neutron free. However, in the case of neutron fields, 
gamma rays almost always accompany them with varying intensity depending 
on the nature of the source and its geometry, shielding conditions, etc. 
Therefore, a suitable dosimetry system must be capable of determining 
both neutron and gamma absorbed doses separately as well as the dose 
equivalent of the mixture. 
Many neutron dosimetry methods including ionization, scintillation, 
activation, and solid state dosimetry methods have been developed for 
various applications. Discussion and detailed information on all existing 
techniques deserving of mention are beyond the scope of this brief review 
and are given in many textbooks such as those by Morgan and Turner (1973) , 
Attix et al. (1969), and Becker (1973). Therefore, a brief discussion of 
some methods used for neutron beam measurements and depth dose studies, 
area monitoring, spectrum measurements, and especially neutron personnel 
dosimetry are given in the following. 
The oldest, most widespread, and useful method of neutron dose 
measurement in a beam, inside a phantom or in many other areas of appli-
cation, has been the use of ionization chamber techniques. In this method, 
the ionization produced inside a gas-filled chamber is measured and is 
converted to dose. Gray and Read (1939) described the use of tissue-
equivalent ionization chambers for neutron dose measurements in their 
biological experiments. Stone and Larkin (1942) carried out the measure-
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ments of their neutron beam by a condenser type ionization chamber. Many 
developments have been made since then in the design of ionization cham-
bers to satisfy better the Bragg-Gray conditions (Burlin, 1968) that the 
cavity should be a small fraction of and the wall thickness be greater 
than the range of the charged particles which cross the chamber. There-
fore, in practical dosimetry small and homogeneous ionization chambers 
with a wall thicker than the range of secondary charged particles have 
been designed for neutron and gamma dosimetry in a radiation field. 
Rossi and Failla (1956) introduced a paired ionization chamber to 
separate neutron and gamma dose in a mixed field of neutrons and gamma 
rays. This dosimetry system consists of two chambers, one which is sen-
sitive to both neutrons and gamma rays and is constructed of tissue-
equivalent (TE) materials and filled with tissue-equivalent gas. The 
other chamber is much less sensitive to neutrons having a graphite wall 
filled with C0„ gas; therefore, both chambers maintain their homogeneity. 
Because of the differing sensitivity of the two chambers to neutrons and 
gamma rays, the dose components cannot be obtained directly, but from a 
pair of equations given in terms of reading the two calibrated chambers. 
The error in the measurements may be quite large, especially when the 
neutron dose and gamma dose are comparable. Therefore, in some experi-
ments the gamma dose can be measured separately by a single-ion detector 
(Wagner and Hurst, 1961), or by neutron-insensitive solid state integrat-
ing devices such as CaF„ : Mn, or LiF, etc. (Bewley and Parnell, 1969; 
McGinley, 1971; Attix et al., 1973), while the total dose can be measured 
by the tissue-equivalent ionization chamber. Another shortcoming of the 
Rossi-Failla paired chamber method is that the graphite chamber responds 
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not only to gamma radiation but also to neutron production of recoil car-
bon ions and this response depends on the energy of the neutrons. There-
fore, for accurate measurements the neutron energy spectrum must be known 
(Hurst, 1973). 
Measurement and compensation of gamma dose can also be done by the 
use of compensated ionization chambers consisting of a concentric pair of 
cylindrical chambers, the inner having a hydrogenous and the outer a non-
hydrogenous wall (Bewley and Parnell, 1969). This system is insensitive 
to gamma rays and has been used for depth dose studies. However, again 
the energy dependent carbon recoil response of the graphite chamber intro-
duces an error in the measurement. 
Proportional counters relying on fast-neutron-induced proton re-
coil measurements have been designed by Hurst and Ritchie (1953). One 
design (the Hurst count-rate dosimeter) makes use of a combination of 
proton radiators, aluminum absorbers, and methane counting gas such that 
the count rate is directly proportional to the neutron dose. Another 
chamber (the Hurst absolute proportional counter) uses a polyethylene 
inner wall with a thickness greater than the range of the most energetic 
protons and is filled with ethylene gas to satisfy Bragg-Gray theory. 
The appropriate neutron energy response is obtained by use of an especi-
ally designed binary scalar circuit or a multichannel analyzer. The 
chambers can discriminate against gamma rays and a neutron dose rate of 
one mrad per hour can be measured in the presence of 100 rads per hour of 
gamma radiation. These chambers are large and a smaller counter has been 
designed for neutron dose measurements in phantoms. This is called a 
"phantom counter" (Hurst and Ritchie, 1953; for details see Morgan and 
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Turner, 1973). 
Special types of proportional counters have been designed to obtain 
neutron dose in radiation fields and in phantoms and to provide information 
on the LET spectrum of secondary charged particles produced by neutrons, 
which is of immediate interest for planning radiobiological experiments 
as well as for radiation protection purposes (Rossi and Rosenzweig, 1955). 
The counters have a wall of TE plastic and are filled with a counting gas 
at a certain pressure. By obtaining the pulse height spectrum and utiliz-
ing a mathematical relation, one can obtain neutron dose and information 
on dose as a function of LET. 
Organic scintillators having tissue-like compositions are detec-
tors of interest for neutron dosimetry. Lawson and Watt (1964) and Watt 
et al. (1967) designed and used an "NE 102" organic scintillator between 
two hydrogenous materials to establish charged particle equilibrium and 
to satisfy the Bragg-Gray principle. The dosimeter has many advantages 
and disadvantages that have been reviewed by Tochilin and Shumway (1969) . 
Although the neutron dosimeters reviewed above have useful char-
acteristics for a variety of applications, they do not provide adequate 
spatial resolution for neutron depth dose studies at biological inter-
faces unless uniquely arranged dosimeters are designed or other special 
methods are applied. An elaborate method of this kind is the extrapola-
tion ionization chamber consisting of an adjustable sensitive volume per-
mitting one to measure the ionization produced per unit volume for a 
range of electrode gap spacings extrapolated to zero (Failla, 1937; Win-
gate et al., 1962). Extrapolation chambers constructed of tissue-
equivalent and bone-equivalent materials have been used also to measure 
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neutron absorbed dose in tissue and bone at bone-tissue interfaces in a 
heterogeneous phantom (Poston, 1971). Another especially designed cham-
ber is a disk-shaped TE plastic ionization chamber having various thick-
nesses. It has been used to investigate the manner in which charged 
particle equilibrium takes place in a human phantom (Goodman, 1969a). 
Some other techniques have been developed which give additional 
information about dose and/or the neutron spectrum. For thermal neutron 
detection boron-lined or BF~ gas filled proportional counters have been 
used for dosimetry in and around biological phantoms (Boot and Dennis, 
1968). Inorganic scintillators such as Lil(Eu) are highly sensitive 
thermal neutron detectors. These detectors have been made useful for 
fast neutron dosimetry by using polyethylene spheres around the detectors 
235 10 
(Bramblett et al., 1960). Foils such as U-insulator, or B-insulator 
combinations based on track-etch methods may also be placed in the center 
of a polyethylene sphere or a water container for fast neutron area moni-
toring (Rago et al., 1974). Changing the radii of the spheres discrimi-
nates neutrons of different energies thus providing some information on 
the neutron spectrum which is essential in estimating the dose. For 
example, indium foils inside spheres of different radii have been used 
to measure the neutron contamination spectrum of a 25 MV x-ray beam pro-
duced by a betatron (Briden and Ice, 1972). Such combinations of spheres 
are usually bulky; this limits their applications to areas such as neutron 
monitoring around facilities where there is no space limitation. Also 
some of these systems are little better than fast neutron detectors or 
flux meters because of their failure to take into proper account the 
energies of the neutrons. 
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For spectrum measurements inside fast neutron beams, techniques 
such as time-of-flight measurements have been used (Theus et al., 1974). 
For neutron dosimetry and spectral information on neutron beams from 
reactors or in criticality accidents, the Hurst threshold detector system 
is used (Hurst and Ritchie, 1959). This detection system is based on 
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activation of many elements including Pu, Np, U, and S foils, 
enclosed in a B sphere where they have threshold energies of 10 keV, 
0.6 MeV, 1.5 MeV, and 3.0 MeV, respectively. Fission fragment track re-
corders have also been incorporated into the Hurst threshold system for 
reactor spectrum measurements (Kerr and Strickler, 1966). Combinations 
of S, Al, Fe, Ag, Mg, and Cu having different neutron energy detection 
thresholds have been used also for spectrum measurements inside a human 
phantom (Field and Parnell, 1965). 
For neutron personnel dosimetry, an integrating dosimetry technique 
which can accumulate the neutron dose over a period of time is required. 
A good neutron personnel dosimeter should be: 
1. sensitive to neutrons over a wide dose range to cover routine 
and accidental dosimetry (i.e. from 0.001 to 1000 rad); 
2. insensitive to non-ionizing radiation and to other types of 
ionizing radiations such as x, beta, and gamma radiations, or it should 
have at least a good compensation system included in the design; 
3. provided with a wide energy response to follow kerma or rem 
curves recommended by appropriate legislative authority; 
4. independent of the orientation of the radiation impinging on 
the dosimeter since the direction of incident neutrons is not always 
known; 
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5. possessed of nil or at least tolerable post-irradiation fading 
rates, i.e. it must retain the radiation induced effect for the period of 
interest; 
6. simple, rugged, inexpensive, and easily available; 
7. inexpensive and easy to read rapidly; 
8. designed to require minimal training for its operation; and 
9. capable of providing the possibility for dosimetry intercom-
parison by mail and being applied to other areas of applications. 
The specifications listed above for neutron personnel dosimeters 
also can be considered for neutron dosimeters to be used in other appli-
cations. However, in some cases there are further requirements and in 
others certain requirements may be ignored. For example, depth dose 
studies, in particular at biological interfaces such as at bone-tissue 
interfaces, require a dosimeter of high spatial resolution. Furthermore, 
if many of these dosimeters can be placed simultaneously inside the phan-
tom, this eliminates uncertainties associated with beam fluctuations and 
machine time provided that the dosimeters do not disturb the radiation 
field. Patient monitoring requires a dosimeter capable of measuring high 
neutron doses in the beam and low neutron doses outside the beam. In 
practice, activation of aluminum foil or silicon diodes are dosimetry 
methods used to monitor a patient under a neutron therapy trial. An ex-
ample of an extreme condition is the neutron contamination dose measure-
ment in the presence of high photon doses such as in high energy x-ray 
beams. Such contamination usually contributes only a very low percentage 
of the total dose under normal operating conditions. 
Up to the time of this investigation, no neutron dosimeter existed 
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which satisfied the above mentioned requirements. However, proton track 
registration in special nuclear track emulsions has been the only method 
of widespread use for neutron personnel monitoring for over thirty years 
(Morgan, 1946; Cheka, 1947, 1954), The number of knock-on proton tracks 
produced by elastic scattering of fast neutrons with hydrogen atoms pres-
ent in the emulsion or surrounding materials is a measure of fast neutron 
flux to which the person is exposed. Thermal neutrons interacting with 
nitrogen atoms present in the emulsion and its surroundings also produce 
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some tracks due to protons by the reaction N(n,p) C. Discrimination 
of these tracks from those of fast-neutron-induced protons is necessary 
by shielding some portion of the film by cadmium filters. However, the 
emulsion detection method indicates the flux and not the absorbed dose 
and is insensitive in the energy range from thermal to 0.7 MeV. There 
are some variations in this threshold energy reported by different inves-
tigators which are due mainly to the skill of the track reader and gamma 
contamination of the beam. 
Neutron dosimetry by nuclear track emulsions has a number of draw-
backs (Vallario and Hankins, 1973). These drawbacks mainly include seri-
ous fading of the latent "image," tedious microscopic counting which 
usually requires magnifications of 500 to 900 times, fogging by other 
types of radiations which affects both fast neutron energy threshold and 
dose range and makes track counting impossible in some cases, insensitiv-
ity to neutrons from thermal to 0.7 MeV, failure to respond closely to the 
appropriate energy loss in tissue when taking into account the element 
distribution in soft tissue and the quality factors, low sensitivity and 
lack of accuracy at low neutron doses, and limited dose range. Due to 
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these shortcomings some have gone so far as to recommend that the nuclear 
track emulsion technique be discontinued even if there were no replacement 
technique (Becker, 1973). Therefore, in recent years many attempts have 
been made to develop an alternative method to the nuclear track emulsion 
method for neutron personnel dosimetry. The alternative methods can be 
categorized into four groups: 
1. albedo neutron dosimetry methods, 
2. fission fragment registration methods, 
3. recoil particle registration methods, and 
4. other methods. 
Albedo neutron dosimetry is based on detection of thermalized 
neutrons reflected from the body of a person under neutron exposure. It 
generally consists of one or two pairs of LiF and LiF TLD dosimeters 
covered in such a way as to detect only thermal neutrons backscattered 
from the body. A successful dosimeter of this kind designed by Hoy (1972) 
is in use at the Savannah River Laboratory. Hankins (1973) has reviewed 
the design and characteristics of different albedo neutron dosimetry sys-
tems investigated at different laboratories. This class of neutron dos-
imetry is very sensitive in the energy range in which nuclear track emul-
sions are insensitive, i.e. from thermal to 0.7 MeV. However, it has 
many characteristic disadvantages. Hankins (1973) has reviewed some of 
the sources of error associated with the use of these types of dosimeters, 
such as errors caused by the effect of varying the distance of the dosim-
eter from the body, TLD reading errors, etc. The main disadvantage of 
this type of dosimeter, however, is its neutron-energy dependence, i.e. 
response decreases with increase in neutron energy. Although methods 
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have been applied to improve this energy dependence (Piesch and Burgk-
hardt, 1973), albedo neutron dosimetry techniques are generally complex 
and, because of their poor energy dependence, they are accepted only in 
areas where the neutron energy spectrum is known. They have some sensi-
7 
tivity to gamma radiations which can be compensated by the use of LiF 
dosimeters. The TLD dosimeter has the added disadvantage that a reading 
can be carried out only one time. The application of this system is 
limited mainly to personnel dosimetry. 
Fission fragment and fast-neutron-induced recoil particle track 
registration techniques have shown considerable promise for neutron dosim-
etry, especially for fast neutron personnel dosimetry. Although their 
applications to personnel dosimetry show great promise, they are only 
mentioned here to avoid undue repetition since they are described in some 
detail in section 1.2. 
Many attempts have been made to develop other alternative neutron 
personnel dosimetry methods. These methods have been concerned mainly 
with solid state dosimetry techniques such as thermoluminescent dosim-
eters (TLD), radiophotoluminescent glass dosimeters (RPL), thermally-
stimulated exoelectron emission dosimeters (TSEE), and pocket-size ioniza-
tion chambers. Each of these dosimetry methods consists of a wide variety 
of materials and methods and has provided means for gamma, beta, x-ray, 
and neutron dosimetry (for reviews see Auxier, 1967; Becker, 1973; Attix 
et al., 1966). Some of these dosimeters contain isotopes such as B or 
Li (e.g. in the form of LiF) or materials which can produce induced 
activity to increase the sensitivity for thermal neutron dosimetry. How-
ever, they generally lack hydrogen which makes them insensitive to fast 
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neutrons. Thus, either thermal neutron sensitive meters such as LiF are 
used in albedo neutron dosimeters as stated above or some hydrogenous ma-
terials have been incorporated into or in contact with some TLD or TSEE 
dosimeters (Becker, 1973) to enhance fast-neutron sensitivity. The albedo 
dosimetry methods have attracted a limited amount of interest for routine 
use; although the other approaches have been the subject of some prelimi-
nary investigations , nevertheless they have not provided satisfactory re-
sults to be applied in routine use. 
Pocket-size ionization chambers are in widespread use for gamma ray 
dosimetry and when they are boron-lined, they provide sensitive dosimeters 
for thermal neutrons. Polyethylene-lined chambers with built-in gamma 
ray compensation have been studied for fast neutron dosimetry (Tymons and 
Cooper, 1975). These dosimeters, whether used for gamma rays or for neu-
trons, are usually intended for short-term dosimetry (e.g. to monitor dose 
received on an eight hour shift). 
For high neutron dose levels such as might occur during a critical-
ity accident, neutron personnel dose can be assessed by many means. The 
common method is to incorporate in the personnel badge activation foils 
such as indium or gold (both bare and cadmium-covered) and sulfur pellets 
(Gupton and Davis, 1973). Materials such as rhodium-103 foils have been 
studied also and proposed for use in a personnel badge which gives a kerma 
response to fast neutrons similar to that in soft tissue providing some 
neutron energy independence in the range from 0.75 MeV to 10 MeV (Ing and 
Gross, 1973). Dosimeters such as RPL phosphate glasses relying on activa-
tion of silver and phosphor in the glass have been studied for accident 
dosimetry (Piesch, 1972). Activation of body elements such as sodium 
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contained in the human body and sulfur contained in human hair can be 
used also for a rapid estimation of thermal and fast neutron dose to 
various parts of the human body (Hurst and Ritchie, 1959). This requires 
a separate measurement (or estimate) of the neutron energy distribution. 
1.1.2 Charged Particle Track Etching in Solid Insulators 
In this method heavy charged particles passing through certain 
solid insulators produce thin trails of damage along their trajectories. 
The damaged region can be chemically etched so that the tracks may be ob-
served by a light microscope or they may be observed easily by the unaided 
eye after a suitable development. 
Charged particle track etching in solid insulators including cer-
tain minerals (e.g. mica, quartz), inorganic glasses, and organic polymers 
provides a number of attractive features for many applications. The most 
attractive features of this technique are insensitivity to low-LET radia-
tions such as x, beta, and gamma radiations, and flexibility for adapta-
tion to applications in many fields including nuclear physics, chemistry, 
biology, space research, geochronology, neutron radiography, and neutron 
dosimetry (for review see Becker, 1973; Fleischer et al., 1975), which is 
of particular interest in this investigation. 
The advancement in this field has been so rapid that within fifteen 
years over a thousand papers investigating basic mechanisms of track for-
mation, etching of damage sites, track counting methods, and many appli-
cations have been published (Griffith, 1974), This new research area was 
made after the discovery of Young (1958) who observed fission fragment 
tracks in lithium fluoride crystal etched in mixtures of hydrofluoric and 
acetic acids. In 1959, Silk and Barnes observed fission fragment tracks 
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in mica by electron microscopy. However, the pioneering work and dis-
coveries of Fleischer, Price, and Walker on the preferential etching of 
charged particle tracks in solid insulators paved the way for rapid ad-
vancement in this field (Price and Walker, 1962; Fleischer and Price, 
1963; Walker et al., 1963; Fleischer et al., 1965a). 
Experimentally, in order to observe and count particle tracks in 
insulators two main steps are followed: 
1. bombardment of a suitable insulator by heavy charged particles 
or fast neutrons to produce induced recoil tracks, and 
2. enlargement of the damaged sites by an etching method to a 
point such that they can be detected by many methods. 
Although more detailed information on the above steps is given in Chapter 
III a brief review of the above is given in the following as applied to 
the neutron dosimetry problem. 
Two bombardment methods (i.e. external and internal) are usually 
applied depending on the application and type of particles of interest. 
External bombardment of an insulator takes place from heavy charged par-
ticle bombardment from accelerators or by particles produced by conversion 
screens in contact with the insulator. Internal bombardment of a sensi-
tive polymer (e.g. polycarbonate, cellulose nitrate, etc.) results when 
particles such as fast neutrons bombard a polymer leading to secondary 
recoil particle and (n,o/) tracks induced in the polymer. 
External bombardment methods using conversion screens have been 
used in many dosimetry applications. Examples of such conversion screens 
include fissionable materials resulting in (n,f) reactions under neutron 
f\ ID 
exposure and materials such as Li and B to produce alpha particles 
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under thermal neutron irradiations. The fission fragment registration 
method proposed by Walker et al. (1963) has been the subject of many ap-
lications, in particular in radiobiology (Bleaney, 1969; Jee et al., 1972; 
Cole et al., 1970) and in neutron dosimetry (Kerr and Strickler, 1966; 
Becker, 1967; Pretre et al., 1968; Sohrabi, 1969; Sohrabi and Becker, 
1971, 1972; Gold et al., 1974; Cross and Tommasino, 1968; Cross and Ing, 
1975a). Alpha particle registration in sensitive polymers has been in-
corporated in radon progeny dosimeters (Auxier et al., 1970). Converters 
f\ in 
using Li or B have also been applied for the detection of thermal and 
intermediate energy neutrons (Becker, 1969a; Tymons et al., 1973). 
The fission fragment registration method for neutron dosimetry is 
an attractive alternative to the use of NTA emulsions. Its sensitivity, 
stability, energy response, dynamic range, directional response, insensi-
tivity to x, beta, and gamma radiations are far superior to those of NTA 
films. The fission fragment registration method meets many requirements 
of a satisfactory neutron personnel dosimeter and fission fragment track 
counting can be automated easily by a spark counting method (Cross and 
Tommasino, 1970). However, utilization of fissionable materials on the 
human body adds considerably to the cost, contamination risk, and complex-
ity of the system as a personnel dosimeter. 
Several fissile materials have been investigated for neutron per-
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sonnel dosimetry including Pu, U, Th, Np, and U. The high 
239 
radiotoxicity of Pu and long-term alpha exposure causing damage to the 
239 
polymer foils in contact with Pu make this method impractical and it 
would be likely to result in regulatory and administrative problems if 
238 
used for personnel monitoring. The high spontaneous fission rate of U 
18 
causes a considerable background increase over long periods of time as 
usually is the case in personnel dosimetry. From the point of view of 
232 21 
spontaneous fission, Th with a spontaneous fission half-life of 10 
237AT , 1n18 N 235TT , _ 1A17 N . 238TT years is superior to Np (> 10 y), U (~ 2 x 10 y), and U 
(> 6.5 x 1015y) (Sohrabi and Becker, 1971). 
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Characteristics of Th and Np as components of fast neutron 
personnel dosimeters have been the subject of some studies (Cross and Ing, 
1975a; Sohrabi and Becker, 1971). Neptunium-237 having a neutron thres-
232 
hold energy of 0.6 MeV for (n,f) reactions compared to 1.5 for Th, and 
232 
a fission cross section about 12 times larger than that of Th, gives a 
superior performance. Cross and Ing (1975a) carried out extensive studies 
237 
on the energy response and sensitivity of the Np-polycarbonate foil 
method. Neptunium-237 has an energy response which is nearly proportional 
to tissue kerma or dose equivalent: (Cross and Ing, 1975a). However, both 
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Np and Th have attracted interest for fast neutron personnel dosim-
etry and are in routine use for personnel monitoring and for finger dosim-
etry in glove boxes in some laboratories (see Becker, 1973). 
By diluting or reducing the amount of fissionable materials the 
technique can be applied for emergency personnel dosimetry. By using 
alloys of two or three fissionable materials the response of the detector 
system also can be adjusted to follow the energy response curves given 
by ICRP (Pretre et al., 1968). An alloy consisting of 0.5 percent (by 
232 
weight) of natural uranium and 99.5 percent Th has been applied for 
this purpose. 
In most neutron environments measurement of dose of fast neutrons 
having energy below one MeV and epithermal neutrons is essential. Gold 
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et al. (1974) have developed a personnel dosimeter consisting of two 
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thick U foils (93.1% enriched) in contact with two pre-etched mica 
foils to be used in routine monitoring of personnel around the ZPR facil-
ity at the Argonne National Laboratory. One set of fission foil-mica 
combinations is covered with aluminum and the other is totally enclosed 
in cadmium to separate the thermal neutron component of the dose. The 
tracks can be counted by a computer controlled microscope (Cohn and Ar-
mani, 1974). 
A second irradiation method, i.e. registration of tracks induced 
directly inside the polymers by particles such as fast neutrons, is more 
attractive since it does not require use of any fissionable material or 
any other conversion screens and is the subject of this dissertation. 
This can be accomplished by exposing polymers such as polycarbonate 
(Cn,H170„) or cellulose nitrate (C,Ho0„N^) directly to fast neutrons. lb 14 3 n o o y ^ n 
The tracks observed are due to recoil carbon, oxygen, nitrogen, and alpha 
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particle tracks from threshold reactions such as 0(n,a) C and 
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C(n,n,v)3a. Very importantly also, we believe it is shown in this re-
search that tracks are observed which are produced by hydrogen atoms that 
are elastically scattered by the fast neutrons. This technique has been 
known for a decade (Medveczky and Somogi, 1966) and has been the subject 
of some fast neutron flux and dosimetry studies (Becker, 1967; Tuyn, 1969; 
Piesch, 1970; Price et al., 1971; Sohrabi and Becker, 1971; Frank and Ben-
ton, 1970). 
Unlike fission fragment tracks which are formed by external radia-
tors only on the surface of the insulator, recoil particle tracks induced 
by fast neutrons are distributed throughout the polymer foil. However, 
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only those in contact with the etchant will be developed. By increasing 
the etching time the number of tracks increases reaching an equilibrium 
between the tracks which are etched away near the surface and those 
freshly etched deeper below the surface. 
Although elastic scattering with the elements in the polymer occurs 
at all neutron energies, only recoil particles causing a damage density 
above a threshold value can be registered (see Chapter III). Since poly-
mers have various energy thresholds for charged particle track registra-
tions, depending on their composition, they show different neutron sensi-
tivities (tracks/neutron) and different neutron energy thresholds. For 
example, the sensitivity of some polymers is 0.5 to 3 x 10 tracks/neu-
tron depending on the neutron energy and etching conditions (Becker, 1967) 
These sensitivities are comparable to those of the fission fragment regis-
tration techniques mentioned above. The neutron energy dependence of 
some polymers such as cellulose acetate appears to follow the first colli-
sion tissue dose quite well down to a threshold between about 0.5 to 1.2 
MeV, depending on the sensitivity of the material (Becker, 1969b). 
Polycarbonate foils which have many good characteristics for dosi-
metric applications have a threshold energy around one MeV (Jozefowicz, 
1971, 1973). It has been estimated that most sensitive polymers have 
threshold energies around 0.3 to 0.7 MeV (Becker, 1973). The higher sen-
sitivities in these polymers, for example in cellulose nitrate, seem to 
be due to lower energy threshold for registration of lower LET recoil 
particles including protons which have been .observed in some investiga-
tions (Varnagy et al., 1970; Carpenter and LaFleur, 1972; Luck, 1974; and 
this investigation). However, there has been some doubt expressed as to 
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whether or not proton track registration really takes place in polycarbo-
nates. 
Neutron dosimetry by fast-neutron-induced recoil particle tracks 
in polymers is very simple, inexpensive, and attractive for practical 
applications and avoids problems associated with using fissionable con-
version screens. However, neutron personnel dosimetry by this method has 
been hampered by the fact that the tracks developed by previously developed 
methods are small and tedious to count by a microscope making dosimetry in 
general difficult and impractical at low neutron fluences. Therefore, 
prior to this publication, this technique has been recommended only for 
fast neutron personnel dosimetry in criticality accidents (Piesch, 1970). 
Furthermore, recoil particle track registration in NTA film backing has 
been studied and recommended for use in criticality accidents above the 
upper limit of sensitivity commonly encountered for NTA photographic films 
(Jasiak and Piesch, 1975; Sohrabi and Becker, 1971), which can be etched 
by removing the emulsion. Also, polymer foils can be incorporated in 
dosimetry belts to obtain an indication of the direction of the beam 
(Piesch, 1970). This becomes important since fission neutrons are attenu-
ated very rapidly by the human body. 
The size distribution of etch pits depends on the energy of the 
perpendicularly incident neutrons and it has been suggested that this 
characteristic be used for obtaining some information on the neutron spec-
trum (Tuyn, 1970). The etch pit diameter distribution depends also on the 
direction of neutron incidence and coupled with the small size of the 
tracks makes this approach somewhat impractical and too time consuming. 
Several etching methods have been advanced. The most common etching 
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method, referred to as "conventional etching" in this dissertation, can 
be carried out by immersing the irradiated foils into a chemical solution 
of certain concentration and temperature (see Chapter III). These etch-
ing methods are convenient means of track amplification and give more de-
tailed information on the charged particle trajectory. The tracks ob-
tained by this technique are small and are observed usually by a light 
microscope. For example, fission fragment track diameters in polycarbo-
nate foils are of the order of 6 (j,m after being etched for six hours in 
5N potassium hydroxide solution at 60°C (Dutrannois, 1971) or 20 p,m when 
red-dyed cellulose nitrate (Kodak-Pathd LR-115) is etched in 10% NaOH for 
100 minutes at 60°C (Sohrabi and Becker, 1971). However, a spark count-
ing method has greatly simplified automatic counting of these tracks es-
pecially for fission fragment tracks (Cross and Tommasino, 1970). 
Fission fragments cause densely damaged regions and are usually 
relatively simple to locate under a microscope. However, recoil particle 
tracks which are produced by much lower LET particles lead to small tracks 
which, when conventionally etched, are usually more difficult to locate 
and count visually. Spark counting of recoil particle tracks has been 
carried out recently after extended etching in thin polycarbonate foils 
(Becker and Abd-el Razek, 1974; and this investigation). Also there has 
been some improvement in etching recoil particle tracks induced in red-
dyed cellulose nitrate (Kodak-Pathe LR-115) by etching the foils in 2.5N 
NaOH solution at 38°C for 10-20 hours depending on the neutron dose 
(Tripier et al., 1975). Tracks in this case appear as clear spots on a 
dark red background and are similar to those observed by fission fragments 
and alpha particles (Barbier, 1970; Sohrabi and Becker, 1971; Costa-Ribeiro 
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and Lobao, 1975). 
Some other more complex etching methods have also been proposed to 
enhance etching speed, sensitivity, and/or the size of the etched region. 
These methods include detection of charged particle tracks by polymer 
grafting (Monnin and Blanford, 1973) and electrochemical etching (Tommasino, 
1970). This latter approach gives superior results and has been the subject 
of this study. Electrochemical etching is based on conductive energy loss 
along the tracks obtained by applying an alternating electric field of 
sufficient strength which is most conveniently of sinusoidal waveforms. 
This results in enhanced local etching at the damaged sites and leads to 
an etching speed along the tracks which is much greater than that of un-
damaged bulk surfaces. This enhanced and more rapid etching of the tracks 
seemed advantageous especially for low LET charged particle tracks such 
as fast-neutron-induced recoil particle tracks. The original work was 
concerned with the enhancement of alpha and fission fragment tracks 
(Tommasino, 1970) and an earlier investigation by this writer and Becker 
(1971) led to amplified recoil tracks in NTA photographic film backings 
which were larger than those obtained by conventional etching but not as 
well-defined as fission fragment tracks. Figure 1 shows a micrograph of 
fast-neutron-induced recoil particle tracks in NTA film backing enlarged 
by three hours of electrochemical etching in 28 percent KOH solution at 
25°C by applying 650 V at one kHz. This finding attracted the interest 
of this writer and led him to believe the electrochemical etching tech-
nique warranted further investigation. The present dissertation reports 
on work done in this area which is aimed at improving the usefulness of 
fast-neutron-induced recoil particle track amplification in polymers by 
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Figure 1. Microphotograph of Recoil Particle Tracks in NTA Film Backing 
(cellulose acetobutyrate) Enlarged by 3 Hours of Electrochem-
ical Etching in 28% KOH Solution at 25°C Applying 650 Volts 
at 1 kHz (after Sohrabi and Becker, 1971) 
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electrochemical etching and in establishing performance parameters of such 
methods. 
1.2 Neutron Depth Dose Studies 
When an object as heterogeneous as the human body containing organs 
of different compositions and structures is under irradiation, the distri-
bution of absorbed dose and dose equivalent through the body differs consid-
erably from that obtained in homogeneous phantoms. In most of the early 
calculations and measurements of neutron depth dose, the phantom simulating 
the human trunk or other organs was considered to consist of homogeneous 
soft tissue (Snyder and Neufeld, 1955; Barr and Hurst, 1954; Mills and 
Hurst, 1954; Smith and Booth, 1962; Lawson et al., 1967; Booth and Dennis, 
1968; Auxier et al., 1968; Zolotukhin et al., 1971; Jones et al., 1971; 
Jones and Auxier, 1971) and pioneering work of Snyder and Neufeld (1955) 
has been the main source of comparisons for depth dose studies by other in-
vestigators and has served as a guideline for radiation protection purposes. 
The assumption of homogeneity of human phantoms has led to a sim-
plified version of the human trunk. The presence of body cavities and 
air spaces (e.g. in the lungs), and of tissues of high density (e.g. bone) 
causes the actual distribution of absorbed dose through the phantom to 
differ considerably from point to point from that of homogeneous phantoms. 
This deviation was first discussed in x- and v-ray therapy (Spiers, 1951). 
Due to the increasing use of fast neutrons in radiotherapy and human radi-
ography as well as the need for reliable information for radiation protec-
tion purposes, this area of neutron dosimetry has been attracting consid-
erable current interest (Wilkie, 1970; Poston, 1971; McGinley, 1971). Of 
particular concern is the fact that certain tissues adjacent to or en-
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closed by bone (e.g. red bone marrow and endosteal and preosteal tissues) 
have a high radiation sensitivity and doses received by these tissues are 
of special importance in setting appropriate radiation protection stand-
ards, in radiotherapy and in radiography. Neutron dose to these tissues 
is of particular significance since it is here that many of the radiation 
induced malignancies (i.e. leukemia, bone sarcoma, bone carcinoma, etc.) 
have their origin. 
Previous studies of dose received by these tissues have been 
limited to a few calculational treatments and experimental measurements; 
however, no detailed or adequately localized experimental values have 
been published. Randolph (1963) has calculated the absorbed dose to the 
compact bone under equilibrium condition for various fission neutron 
spectra. Lawson (1967) has calculated also the recoil proton dose at a 
bone-tissue interface consisting of two parallel slabs of bone surrounded 
by tissue when irradiated by 14 MeV neutrons. The calculational technique 
is similar to that developed by Charlton and Cormak (1962) on the dissi-
pation of energy by electrons in finite cavities. 
More recently, Prasad et al. (1971) have further modified Lawson's 
studies by assuming non-isotropic scattering of protons. They have cal-
culated also the distribution of dose due to neutron elastic scattering 
by 0, C, and N and extended their studies to slabs and cylindrical tissue 
cavities. Their investigations indicated an increase in neutron dose as 
one goes into tissue from a bone-tissue interface and a decrease in neu-
tron dose as one goes into bone from a tissue-bone interface. 
Another theoretical study of neutron dose in tissue and bone 
has been carried out by Budinger et al. (1971) to analyze the neutron 
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depth dose through a simulated human arm including bone and marrow for 
fission neutrons and for 1 keV, 120 keV, and 14 MeV monoenergetic neu-
trons. Also, ICRU (1969) has discussed the dose to the soft tissue in 
and near mineral bone exposed to two MeV neutrons. The discussion was 
brought up as an example of the use of kerma in biological problems. It 
was concluded that for two MeV neutrons the kerma in bone is less than 
that of soft tissue because of the lower hydrogen concentration in bone. 
If the dose in soft tissue away from the bone is assumed to be one rad, 
i.e. a kerma of 100 ergs/g, the kerma in bone is 43 ergs/g. The ICRU 
report (1969) also commented that, with a kerma of one rad in soft tissue, 
the dose at the bone-tissue interface is 1.8 (the ratio of the mass stop-
ping powers) having a higher dose on the tissue side, and the dose in a 
5 |im osteocyte is 0.77 rad, which is the product of 1.8, the mass stopping 
power ratio, times 0.43 (the kerma in bone) (ICRU, 1969). 
Turner et al. (1968) have reported the calculated dose for high 
energy neutrons and protons of 100, 250, and 400 MeV energy in targets of 
dimensions approximating a small primate or human torso. The results are 
of interest in radiation protection but they are beyond the energy range 
of interest in this dissertation. 
The only extensive neutron dose measurements at bone-tissue inter-
faces are those carried out by Poston (1971) for broad beams of neutrons 
with a fission spectrum, at 14 MeV, and from isotopic neutron sources. 
The phantom used was a cube filled with tissue-equivalent liquid. Neu-
tron dose distributions were obtained as a function of depth near bone-
tissue and tissue-bone interfaces using extrapolation ionization chambers 
made of tissue-equivalent and bone-equivalent plastics. The results were 
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extensive and interesting; however, the finite thickness of the electrode 
facing the interface prevented measuring the neutron dose gradients very 
near the bone-tissue interface. 
Neutron dose measurement at the air-tissue interface also is of 
interest to the radiotherapist. The dose build-up curves for different 
neutron energies have been reported by Goodman (1969a) and Bewley (1971). 
The dose increases to a maximum at depths of several millimeters under-
neath the skin, the depth of which depends on the neutron energy. 
In the light of previous experiences in the estimation of dose at 
biological interfaces and the difficulties encountered and discrepancies 
in published estimates of detailed and localized dose distributions, we 
were motivated and led to further investigation. Part of the limitation 
in obtaining such distributions of dose is due to the fact that a neutron 
dosimeter suitable for these types of applications should have certain 
characteristics that have been difficult to obtain. It should be neutron-
sensitive, gamma-insensitive, tissue-equivalent in composition, and com-
pact enough to have high spatial resolution capable of measuring the ab-
sorbed dose at the point of interest. 
Perhaps tissue-equivalent extrapolation ionization chambers are 
in some respects a near ideal detector for interface studies provided 
that the shortcomings mentioned by Poston (1971) can ever be overcome. 
However, even with his suggested improvements they would be lacking in 
terms of small size, simplicity and flexibility, and they would have a 
response to gamma radiation. Solid state dosimeters show some promise 
for these measurements. Among them, thermoluminescent and thermally stim-
ulated exo-electron emission dosimeters have been used for interface 
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studies (Ennow, 1973). However, their applications seem limited for 
neutron dosimetry at interfaces because of high sensitivity to gamma rays 
which always accompany neutrons. Therefore, recoil particle track regis-
tration in polymers which have been the subject of some depth dose studies 
(Becker, 1969b; Tuyn and Broerse, 1970; Piesch and Sayed, 1974a) seemed 
to offer the best promise for the measurement of neutron dose distribution 
near bone-tissue and air-tissue interfaces. 
1.3 Objectives of This Research 
The main objectives of this research were: 
1. Design and construction of a practical electrochemical etching 
system that would be simple and capable of etching a number of foils si-
multaneously for large-scale neutron dosimetry. 
2. Investigate electrochemical etching amplification of fast-
neutron-induced recoil particle tracks in those polymers that will provide 
best etching results. 
3. Optimize the electrochemical etching parameters for the am-
plification of recoil particle tracks in Lexan polycarbonate. 
4. Develop a fast neutron personnel dosimeter to cover dose 
ranges of interest in routine and accidental dosimetry and study its 
characteristics. 
5. Investigate the performance of the dosimeters for measurement 
of output of neutron sources, neutron contamination of high energy medi-
cal x-ray beams produced by betatrons and linear accelerators, and depth-
dose studies near biological interfaces in heterogeneous phantoms. 
6. Compare the results with previous experimental and theoretical 
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data. 
7. Spark counting of recoil particle tracks in very thin poly-
carbonate foils (6 (jjn) when conventionally etched as an approach for re-
coil particle track counting. 
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CHAPTER II 
PHYSICAL AND BIOLOGICAL CONCEPTS 
This chapter presents the physical and biological concepts related 
to the area of this research. It includes some neutron production 
methods and gives some detail on the interaction of radiation in general 
and neutrons in particular with tissue and tissue-like materials. Tissue 
masses and tissues adjacent to or enclosed by bone are reviewed and some 
radiation quantities and units are discussed where relevant. 
2.1 Sources of Neutrons 
For over thirty years, neutron sources have served as useful tools 
for many applications, for example, in health physics studies, radiobi-
ology, therapy, geology, industry, and agriculture. Numerous neutron 
production methods have been developed including reactors, accelerators 
directing high-energy charged particle beams on to target materials, and 
isotopic neutron sources. Depending on the technical characteristics of 
the source, neutrons of different energy spectra are produced often over 
a wide energy range. The neutrons are generally categorized in terms of 
their energy as thermal, intermediate (or epithermal), fast, and relativ-
istic neutrons. Briefly, thermal neutrons are those in equilibrium with 
the surrounding medium at a given temperature and the energy spectrum has 
a Maxwellian distribution. Intermediate energy neutrons (or epithermal) 
extend from about 0.5 eV to approximately 10 keV above which protons re-
sulting from elastic scattering of neutrons begin to ionize matter sig-
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nificantly. Fast neutrons extend from about 10 keV to 10 MeV where 
inelastic scattering and nuclear reactions become significant. Above 
this energy, neutrons are sometimes referred to as relativistic neutrons 
(Tochilin and Shumway, 1969). 
For dosimetric applications of these sources some basic information 
on their characteristics is needed. These characteristics include energy 
spectrum, output, gamma emission rate, etc. Based on this information 
some additional values such as mean neutron energy (E), and fluence-to-
kerma factors (k) can be obtained. Therefore, in the following some neu-
tron sources of relevance to this research as well as some of their char-
acteristics will be discussed. 
Table 1 summarizes some characteristics of the most common isotopic 
neutron sources including (a,n), (y,n), and spontaneous fission sources 
based on data given by DePangher and Tochilin (1969). Sources making use 
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of the (a,n) reaction are mixtures of an alpha emitter (such as Pu, 
239 210 226 241 
Pu, Po, ' * Ra, Am) and Be powder or some other suitable light 
element, or a select isotope such as Li, B, F, 0, etc. Sources 
with a Be target provide a higher yield than the others but they usually 
have also a higher gamma emission rate and complex spectra. Neutron 
sources utilizing targets other than Be are of particular interest mostly 
because of their well-resolved energy spectra which makes them more suit-
able for calibration of neutron detectors. 
226 
Sources of the (y,n) type, including a-shielded Ra-y-Be and 
10/ n o / 
Sb-y-Be, produce neutrons of energies lower than one MeV. The Ra-Be 
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sources have a long half life, thus a constant emission rate. The ' Sb-
Be sources have a short half life of 60 days which is a disadvantage of 
Table 1. Some Characteristics of Isotopic Neutron Sources 
Type of R e a c t i o n H a l f - l i f e Neu t ron C a l c u l a t e d V a l u e s Averaged V a l u e s 
Neu t ron Y i e l d E k E k 
Source n / s e c x 1 0 6 ( r a d / n / c m ) ( r a d / n / c m ) 
Ci (MeV) x 1 0 " 9 (MeV) x I P " * 
239 
-^Pu-Be a , n 2 .44 x 104y 2 . 2 3 .9 3 .52 4 . 1 3 . 7 3 
241A „ Am-Be a ,n 458y 2 .7 4 . 5 3 .86 4 . 3 3 .77 
2 1 0 P o - B e a ,n 138.4d 2 .5 4 . 3 3 .85 4 . 0 3 .78 
2 2 6 R a - B e a , n 1620y 20 5 . 1 4 . 1 6 4 . 5 3 .82 
2 1 0 P o - B 1 0 a ,n 138.4d 0 . 1 8 5 2 .2 2 .97 
2 1 0 P o - B U o/,n 138.4d 0 . 8 1 8 2 .9 3 .48 2 .8 3 .30 
21V-o18 a ,n 138.4d 1.1 2 . 3 3 .15 _ _ _ _ _ _ 
2 1 0 P o - F 1 9 o?,n 138.4d 0 . 1 1.3 2 .45 — 
2 1 0 P o - L i 7 pf,n 138.4d 0 . 0 5 0 .36 2 .26 . __ 
2 3 9 P u - F 1 9 Cf,n 2 .44 x 10^y 1.1 1.23 
2 5 2 C f S p o n t a n e o u s 2 .65y 2 . 3 pe r 2 .35 3 . 1 1 1 — 
F i s s i o n US 
1 2 4 S b - B e Y,n 60d 1.3 0 .024 0 .218 
2 2 6 R a - B e Y,n 1620y 
T o c h i l i n ( 1 9 6 9 ) . 
1.257 0 .12 0 .640 
Data from DePangher and 
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this source; however, if they are used for reactor start ups, the short 
half life can be compensated by reactivation of the antimony (Murray, 
1961). Both types of gamma sources suffer for dosimetric studies because 
of their high gamma emission rates. 
Neutrons are produced also by photon-neutron reactions in high 
energy photon beams from betatrons and linear accelerators of interest 
for radiotherapy applications. These reactions occur at high photon 
?08 f\ "\ 
energies. For example, photon threshold energies for Pb and Cu are 
7.4 and 10.8 MeV, respectively (Wilenzick et al., 1973). However, these 
neutrons produced in high energy x-ray beams are usually considered only 
as sources of undesirable neutron contamination in the beam. 
Spontaneous-fission sources are attractive and are of interest for 
o/ r\ c* o/ o 
many applications. Many elements such as Cm(Ts=1.9 x 10 y), Cm (Ts= 
7.2 x 106y), 248Cm(Ts=4.6 x 106y) , 25°Cm(Ts=l.l x 104y) , 246Cf(Ts=2.ly), 
248Cf(Ts=7 x 103y), 25°Cf(Ts=1.7 x 104y), 252Cf(Ts=85.5y), 254Cf(Ts=60.5d) 
254Fm(Ts=228d), 256Fm(Ts=3h), 257Fm(Ts=100y), 255Es (Ts=2440y) etc. have 
been considered as common spontaneous fission sources. (Note: In the 
above Ts = spontaneous fission half-life.) Among these sources, cali-
fornium-252 with characteristics shown in Table 1 and an almost ideal Ts 
of 85.5 years, is the most common neutron source of this kind in use and 
is produced by fourteen successive neutron captures in high flux reactors. 
Its exceptionally high yield and reasonably long radioactive half life, 
Tr = 2.5y, make it a point source far superior to the other available neu-
tron sources for use as implants in interestitial or intracavity therapy. 
By far the most prolific source of neutrons is the nuclear reactor. 
The fast neutrons produced in the fission reaction are thermalized making 
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thermal neutrons available in quantity from research reactors in many 
nuclear research centers. Fast neutrons produced by reactors for bio-
medical and dosimetry applications are limited for the most part to ther-
mal neutron reactor facilities utilizing fission converter plates or Li-D 
targets which provide neutron beams having fission spectra and 14 MeV 
energy, respectively. For example, the Janus reactor at Argonne National 
235 
Laboratory makes use of plates that are 93 percent enriched in U 
(Williamson et al., 1965). There are also some reactor facilities es-
pecially designed to obtain directly usable fluxes of fast neutrons. As 
an example, the Health Physics Research Reactor (HPRR) at Oak Ridge Na-
tional Laboratory (ORNL) is a bare, unmoderated reactor facility having a 
fission neutron leakage spectrum of 1.5 MeV neutron average energy. It 
is designed as a neutron source for health-physics-related research such 
as radiation dosimetry and biomedical studies (Auxier, 1965). Examples 
of other fast-neutron irradiation facilities are given by Tochilin and 
Shumway (1969). 
For most dosimetric and biomedical studies monoenergetic neutrons 
are usually required. Accelerators can produce monoenergetic beams of 
neutrons by allowing accelerated beams of charged ions to bombard a suit-
able thin target. Depending on the ion and its energy and target material 
and its thickness, neutrons of different characteristics can be obtained. 
Neutron generators are flexible and an economical means of produc-
ing neutrons. They have relatively large outputs at accelerating voltages 
of 100-400 kV. Common neutron generators employ a Cockcroft-Walton volt-
age generator to produce accelerating potentials of the order of 150-200 
2 3 
kV. Neutrons of ~ 3 MeV and ~ 14 MeV are obtained by reactions H(d,n) He 
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and H(d,n) He, respectively. The latter reaction is of particular inter-
3 3 
est for radiotherapy applications. Other reactions such as H(p,n) He 
may also be used for low monoenergetic neutron production. 
Most of the neutron generators of the above mentioned types do not 
supply sufficient outputs or life times of interest for radiotherapy or 
other similar applications mainly because of limitations on target con-
struction. However, some progress has been made in this field by several 
investigators (Haywood et al., 1973; Brennan et al., 1973) in obtaining 
a neutron dose rate of 10 rad/min at 125 cm from the target with a con-
stant output of over 100 hours of operation. 
Cyclotrons can produce high intensity fast neutron beams by bom-
barding a Be target with accelerated particles such as deuterons or pro-
tons. In many cyclotrons in common use for biomedical applications, 
deuterium ions of different energies are used to produce high neutron 
9 10 
yields through the reaction Be(d,n) B. As the bombarding energy in-
creases total neutron yield and mean neutron energy increase. Figure 2 
shows typical neutron spectra of three different cyclotrons used in this 
investigation, i.e. the University of Washington Cyclotron at Seattle, 
Washington; the Naval Research Laboratory Cyclotron at Washington, D. C , 
and the Texas A&M University Cyclotron at College Station, Texas. Al-
though such machines produce high neutron yields of the order of 20-60 
rad/min at target-to-skin distances (TSD) of about one meter, their cost, 
complexity, and lack of flexibility limit their availability for many 
laboratories. 
In practice, fluence-to-kerma factors are required for any conver-
sion of neutron fluence to kerma or vice versa. Table 1 shows calculated 
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Figure 2C Fission Neutron Spectrum and Neutron Spectra Obtained by Deuterium Ions of 
Various Energies on a Beryllium Target at Three Different Cyclotron Facilities 
IjO 
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and average values of neutron energy and kerma factors for sources given 
in the table based on calculations of Bach and Caswell, and Nachtigal 
(DePangher and Tochilin, 1969). The kerma factors for neutrons up to 
18 MeV of energy (calculated by Bach and Caswell) are reported also by 
ICRU (No. 13, 1969). 
2.2 Radiobiological!^ Important Tissues in Bone 
Tissues in general and tissues adjacent to or enclosed by bone in 
particular are discussed in many texts (e.g. see Elias and Pauly, 1966; 
Hollinshead, 1967; Spiers, 1969; ICRP, No. 11, 1967). In particular, 
Spiers (1969) has discussed radiobiological^ important tissues in bone 
that are subject to radiation damage. 
Tissue histologically is referred to as the assemblage of similar 
cells with a specific function. Tissue, however, is more complex than 
implied by such a simple definition since even a small portion of muscle 
or any other tissues may contain one or more of the four tissue categories 
including epithelial, connective, muscular, and nerve tissues each con-
taining cells with varying functional and morphological characteristics. 
The difference between cell characteristics exhibits a pronounced order 
of sensitivity to any type of damage produced by ionizing radiations. 
The criteria for cell sensitivity were generalized by Bergonie and 
Tribondeau (Cassaret, 1968) stating that cells are more sensitive if: 
(1) they have a high mitotic rate, 
(2) they have a long mitotic future, and 
(3) they are of primitive type. 
These criteria have been known as a law for predicting cell sensitivity 
in different tissues although there are some exceptions (e.g. white blood 
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cells or the lens of the eye). Based on these criteria, it is evident 
that tissues adjacent to or enclosed by some other tissues may exhibit 
different sensitivities to radiation. It should be noted also that even 
similar cells of a certain tissue, e.g. tumor cells, may exhibit a pro-
nounced differential cell sensitivity because of their supply of blood 
and oxygen. It has been shown that the well oxygenated cells are much 
more sensitive than cells with oxygen shortage. In fact, a rapid increase 
in cell sensitivity occurs as the oxygen concentration rises from zero to 
a maximum, beyond which the sensitivity remains unchanged (Gray et al., 
1953). In some cases this is one of the objectives of using high LET 
radiations in therapy, since they eliminate to some extent this differen-
tial cell sensitivity. This is a practical problem of irradiating certain 
tissue and at the same time protecting the adjacent tissue. One of the 
tissues of special concern here is bone which is an elaborate tissue of a 
number of different structures containing living tissues each of which 
responds differently to radiation and has different susceptibilities to 
radiobiological damage, and each of which can have a particular malignant 
tumor associated with it. 
Bone or osseous tissue is a connective tissue consisting of a non-
living matrix of calcium in which biologically important tissues live and 
function. The non-living part of hard bone consists mainly of cortex 
(the bone wall) and trabeculae (the spongy bone) and has a high density 
and relatively higher effective atomic number. This is due to the pres-
ence of calcium and the calcium-phosphorus compound hydroxyapatite em-
bedded in a matrix of collagen fibrils and a ground substance. 
In the hard bone there exist somewhat organized units called 
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Haversian systems or osteons. Each osteon consists of a central canal 
containing nutrient blood vessels and is surrounded by mature bone cells 
(osteocytes) occupying small spaces called lacunae. Osteocytes have small 
processes on their bodies joining them together and to a central canal for 
nutrient supply. These cells and others in the Haversian canal constitute 
the living cells inside the hard bone and are responsible for maintenance 
of bone and its repair after damage. 
There are also living cells which can be found near the external 
and internal bone surfaces. The external surface is covered with a peri-
osteum, a tissue containing a thick external layer of fibrous connective 
tissue and a thin layer of cells called osteoblasts. The interior surface 
is lined with endosteal tissue consisting of osteoblasts and another type 
of cells called osteoclasts. Since bones are small at birth, their growth 
and turnover is due to the activities of osteoblasts and osteoclasts. 
Osteoblasts build up bone on the external surfaces by putting down layers 
of hydroxapatite and become mature osteocytes. On the other hand, osteo-
clasts break down bone in the internal layer by gradually dissolving the 
hydroxyapatite and feeding it to the blood stream. Therefore, through 
the activities of these types of cells, bone grows in diameter until 
adulthood is reached and repairs any damage which may occur to it. 
Another important tissue which fills all the bone cavities within 
the cortex and the trabecular bone network is marrow. At birth all the 
marrow distributed throughout the bones is a blood forming organ. As the 
individual grows, the red marrow in some cavities within the cortex of 
some bones (e.g. humerus, femur, etc.) is replaced by a fatty tissue (yel-
low marrow), so that by the time the individual becomes a young adult, red 
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marrow will be limited only to bone extremities where the trabecular bone 
cavities are filled. 
The living tissues within the bone (active or red marrow) and on 
the surfaces (endosteum and periosteum) constitute what are considered to 
be the radiosensitive components of the bone that are most susceptible to 
radiation damage and care should be taken in the amount of dose received 
by these tissues so that bone is relatively undamaged or damaged to an 
extent that permits repair (Spiers, 1966). Therefore, depending on the 
criterion of concern, dose received by these tissues may be regarded as 
the limiting dose subject to any biological damage to bone. This is true 
r\ ry /- O QQ 
whether the dose is from internal emitters such as Ra and Pu, which 
are bone seekers and can deliver a large dose to tissues adjacent to the 
bone, or from external radiation which deposits its energy through the 
secondary charged particle production as discussed in the next section. 
2.3 Energy Deposition in Tissue by Ionizing Radiations: 
Units and Definitions 
Ionizing radiations are divided by ICRU into two categories: (1) 
directly ionizing radiations such as electrons, protons, alpha particles, 
and other similar particles, and (2) indirectly ionizing radiations such 
as photons and neutrons. 
2.3.1 Directly Ionizing Radiations 
Charged particles including electrons, protons, alpha particles, 
etc. can transfer their energy directly to tissue or tissue-like materials 
Their energy transfer is mainly by elastic and inelastic collisions with 
atoms or molecules forming that particular matter,, The particle loses its 
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kinetic energy usually by inelastic electronic collisions with atomic 
electrons along its path. However, at the end of the path of a heavy par-
ticle (i.e. excluding beta particles or electrons) elastic collision with 
the nucleus becomes predominant leading to heavy recoil particles. 
Electrons having a small mass can transfer a large fraction of 
their energy by a single collision with atomic electrons; also they are 
deflected through large angles. Therefore, their energy deposition is 
not usually localized. On the other hand, heavier charged particles such 
as protons or alpha particles lose only a small fraction of their energy 
in each electronic collision and are deflected at very small angles which 
do not alter their paths significantly. This leads to highly localized 
damage along the particle path, thus more local biological damage (Bich-
sel, 1968). 
In order to quantify the localization of energy deposition of each 
type of radiation, the term linear energy transfer (LET) or restricted 
stopping power, L., was introduced (Zirkle et al., 1952). The most recent 
definition of LET is given by ICRU (1971): 
The linear energy transfer (LET) or restricted linear collision 
stopping power, L., of charged particles in a medium is the 
quotient of dE by dl where dl is the distance traversed by the 
particle and dE is the energy loss due to collisions with energy 
transfer less than some specified value A. 
H - ( i \ 
Although the definition of LET specifies an energy cut off and not a range 
cut off, the energy losses are sometimes called "energy locally imparted." 
Furthermore, to bring about uniformity, it is recommended that A can be 
expressed in electron volts. Thus, L_nn is the linear energy transfer 
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for an energy cut off at 100 electron volts (ICRU, 1971). 
Due to increased applications of high LET radiations during the 
fifties ICRU recognized the need for concepts to correlate any ionizing 
radiations to their biological or related effects and expressed energy de-
position in terms of energy absorbed per unit mass (ergs per gram) of the 
irradiated material at the point of interest (Roesch and Attix, 1968). 
Soon afterward, it established a new quantity, absorbed dose, which repre-
sents a real step forward in improving dosimetry terminology. It is de-
fined as (ICRU, 1971) : 
The absorbed dose, D, is the quotient of dE by dm, where dE is 
the mean energy imparted by the ionizing radiation to the matter 
in a volume element and dm is the mass of the matter in that vol-
ume and can be written as: 
dE 
dm 
The special unit of absorbed dose is the rad 
1 rad = 10'2 J kg"1 
ICRU (1971) specifies the term "energy imparted" to be the net 
amount of the sum of energies (excluding rest energies) of all directly 
and indirectly ionizing particles which have entered the volume of mass 
dm and of all energies released, minus the sum of all the energies ex-
pended, in any transformations of nuclei and elementary particles which 
occurred within the volume of mass dm minus the sum of energies (exclud-
ing rest energies) of all those directly and indirectly ionizing particles 
which have left the volume (ICRU, 1971). 
Based on LET and dose concepts, it is evident that heavy charged 
particles having higher LET lead to more localized energy depositions, 
thus more severe localized biological damage in tissue. This is true 
since damage produced in living tissues increases with energy density up 
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to the point of saturation. In addition, the ability to repair damage is 
less as the LET increases and is believed to be essentially zero at LET 
values characteristic of alpha particles (Shapiro, 1972). As a result, 
for certain forms of damage, the relative biological effectiveness of 
energy imparted by alpha particles is found to be as much as 10 times 
greater than that of an equivalent amount of energy transferred by beta 
particles or secondary electrons produced by x or y radiation. Therefore, 
in biological studies one attempts to establish a meaningful relationship 
between dose and effect by introducing a weighting factor to take into ac-
count the biological effectiveness of different types of radiations. This 
is called "relative biological effectiveness" (RBE) and is a function of 
LET of radiation of concern, absorbed dose, dose rate, dose protraction, 
oxygen concentration, type of damage considered, etc. (Sinclair, 1969), 
and is defined as the ratio of dose in rads of the standard radiation (250 
keV x-rays) to produce a certain effect to dose in rads of radiation of 
interest to produce the same effect. It should be stated that the irradi-
ation conditions should be the same for both radiations. Since 250 keV 
x-ray is the reference radiation, the RBE for 250 keV x-rays is one. 
The RBE concept is defined in biological terms. However, for radi-
ation protection purposes a modifying factor based on physical terms, i.e. 
a function of LET, is often used. It is called "Quality Factor," Q, a 
factor of substantial importance in radiation protection. Table 2 lists 
the recommendation of ICRU (1971) for the relationship between Q and L^. 
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Table 2. L - Q Relationship 
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When the Q factor and other weighting factors N are used to weight 
the absorbed dose, the result is dose equivalent, H, which is defined by 
ICRU (1971) as: The dose equivalent is the product of D,Q and N at the 
point of interest in tissue, where D and Q are as defined above and N is 
the product of any other modifying factors. Therefore, 
H = D-Q-N. 
The special unit of dose equivalent is the rem. 
ICRU recommends that the quantity Q should be limited to radiation 
protection applications when H is in the region of or below the applicable 
maximum permissible dose equivalent and should not be used for high level 
accidental exposures. It has been noted also that in the usual case when 
D is delivered by particles which have a range of L values, an average 
value for Q, Q, should be used. 
Although the above describes RBE, Q, H, and N as given by ICRU, it 
should be mentioned that there have been some practical difficulties in 
applying these definitions and therefore many objections have been raised 
regarding inconsistencies in the system of quantities and units (Neufeld, 
1973). Perhaps the most serious difficulty in this system is that dose 
equivalent, H, is supposed to be the quantity expressed in rem units that 
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is most closely related to the biological damage that might be expected 
to result in a small fraction of a population exposed at a maximum per-
missible dose, MPD. Historically Q in the above equation is the quantity 
most closely related to RBE and now QN -• RBE so that, for example, in the 
case of neutrons the dose equivalent H -* D in which D is the absorbed 
n x x 
dose in rad of 250 keV x-rays which would be expected to produce the same 
* 
damage as H (rem) of neutrons. Thus N depends on many things among which 
we might mention: (1) type of damage (leukemia, life shortening, genetic 
mutation, etc.), (2) age, (3) sex, (4) state of health of exposed indi-
vidual, (5) dose, (6) dose rate, (7) oxygen tension, (8) other concurrent 
body insults, (9) radiosensitivity of exposed tissue, (10) localization of 
dose, and (11) essentialness of damaged tissue (Morgan, 1973). 
2.3.2 Indirectly Ionizing Particles 
Indirectly ionizing particles such as photons or neutrons inter-
acting with tissue or tissue-like materials liberate directly ionizing 
particles or can initiate nuclear transformation (ICRU, 1971). Therefore, 
they deposit energy to the medium of concern through a two step process: 
(1) production of directly ionizing particles plus indirectly ionizing 
particles, and (2) the charged particles impart energy to the medium 
(ICRU, 1969). Although the term "absorbed dose" has been established 
for any type of radiation, a new term was introduced by Roesch (1958) to 
act as a bridge between the energy of the indirectly ionizing particles 
and the absorbed dose, i.e. the kinetic energy of charged particles 
This relationship follows since 
D (rad) H (rad) 
RBE = rr-7—TT and QN = rr—,—-rr- or H (rem) = £=r X D . 
D (rad) D (rad) n RBE x 
n n 
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released (in step one) per unit mass, called "KERM." This term was 
further refined by ICRU to be called Kerma, kinetic energy released in 
matter. The most recent definition of this term is given by ICRU (1971). 
The kerma is the quotient of dE. by dm, where dEtr is the sum 
of initial kinetic energies of all charged particles liberated 
by indirectly ionizing particles in a volume element of a speci-
fied material and dm is the mass of the matter in that volume 
element. 
dE 
K = - ^ (ICRU, 1971) 
It should be noted that the energy which these charged particles 
radiate in bremsstrahlung and the energy of any charged particles which 
are produced in secondary processes (e.g. Auger electrons) are also in-
cluded in dE (ICRU, 1971). ICRU also recommends that kerma can be a 
tr ' 
useful quantity in dosimetry when charged particle equilibrium exists in 
the material at the point of interest and also bremsstrahlung losses are 
negligible; kerma is then equal to the absorbed dose at that point. 
For photons charged particles contributing to kerma are mainly 
electrons. They are produced by a number of processes the most important 
of which are: (1) photoelectric effect, (2) Compton effect, and (3) pair 
production. These processes are strongly dependent on photon energy and 
atomic number of the medium of concern. 
Neutrons, however, have a rest mass approximately equal to that of 
protons and they primarily interact with atomic nuclei in which one or 
more charged particles, photons, and/or neutrons may be released. There-
fore, in this case electrons and heavy charged particles contribute to 
the kerma value. Depending on their energy, neutrons may interact with 
elements (C,0,H,N) in tissue or tissue-like materials in a number of ways 
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such as elastic scattering, inelastic scattering, non-elastic scattering, 
inelastic capture, and spallation. An excellent and comprehensive expla-
nation of these processes is given by Auxier et al. (1968); however, be-
cause of relevance to the area of this research, a brief review of the 
mentioned processes follows. 
Elastic scattering is the most important interaction of fast neu-
trons with tissue elements in the energy range up to 10 MeV. The kinetic 
energy and momentum are conserved and neutron energy is distributed be-
tween the neutron and the struck nucleus. Among the tissue elements, 
hydrogen (H) is the element of primary importance in tissue dosimetry 
leading to recoil protons which contribute between 85 and 95 percent of 
the absorbed dose depending on the neutron energy (Fitzgerald et al., 
1967). This is because hydrogen, although only 10 percent by weight of 
soft tissue, has the highest atomic concentrations per gram of tissue, 
highest elastic cross section, and a neutron may lose all of its energy 
in one single collision with a hydrogen atom. Elastic scattering with 
other tissue elements (C,0,N) contributes less than 10 percent of the 
total absorbed dose in the energy region where the elastic scattering 
predominates (Fowler, 1967). These reactions lead to recoil particles 
which can be registered in some polymers used in this research by a suit-
able etching technique. 
At thermal and epithermal neutron energies, the main reactions 
responsible for energy deposition in tissue are the inelastic "capture" 
processes in which a neutron is absorbed by the target nucleus and a new 
isotope is formed. The important target nuclei for these processes are 
1 2 14 14 
H and N resulting in reactions H(n,Y) H and N(n,p) C. In the former 
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reaction a 2.2 MeV gamma ray is emitted which has a high chance of escap-
ing from the reaction site and even from the body; therefore, it makes 
only a minor contribution to the local absorbed dose. In the latter reac-
tion about 0.62 MeV energy is transferred to the recoil nucleus and pro-
ton, of which 0.58 MeV is the kinetic energy of the proton. Therefore, 
this amount of energy is absorbed locally. 
Inelastic scattering is the process in which a neutron is captured 
by the nucleus and reemitted, usually altered in direction and reduced in 
energy. In this process the nucleus is raised to an excited state and the 
compound nucleus subsequently decays by photon emission, frequently of 
high energy. Inelastic scattering cannot occur unless the incident neu-
tron has kinetic energy greater than the first excited state of the target 
nucleus (Auxier et al., 1968). This process does not contribute to the 
local absorbed dose in tissue significantly. 
In non-elastic scattering a neutron is absorbed by the nucleus and 
one or more particles such as neutrons, protons, alpha particles, and de-
excitation gamma rays are emitted. The cross sections for this reaction 
have a threshold around 5 MeV and generally, but not always increase as 
neutron energy increases (Auxier et al., 1968). As was discussed in Chap-
12 
ter I, reactions such as the C(n,n,v)3a reaction are important at high 
neutron energy (> 11 MeV) and can be seen easily by sensitive track re-
corders (Frank and Benton, 1970). 
Finally, another reaction of importance at energies greater than 
100 MeV is spallation. In this process a neutron is absorbed by the nu-
cleus and the compound nucleus is fragmented ejecting several particles 
and nuclear fragments. Several neutrons are usually produced in this 
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process plus the excitation gamma rays which escape the local reaction 
site (Auxier et al., 1968). 
Depending on the neutron energy, all the reactions may occur either 
in tissue or polymers. However, the tracks observed in polymers are 
mainly due to elastic scattering, non-elastic scattering, and spallation 
products produced in polymer elements and the contribution from each 
reaction depends on the neutron energy (e.g. neutrons of energy greater 
than 100 MeV produce tracks of spallation products). In materials con-
taining nitrogen such as cellulose nitrate, the capture reaction of ther-
mal neutrons by nitrogen may contribute substantially to track density. 
It is interesting to note that polymers usually have the same elements 
as those in tissue, and charged particle tracks which occur in them can 




PRINCIPLES OF TRACK ETCHING 
In Chapter I, general irradiation and etching procedures regarding 
charged particle track registration in insulators were discussed. For 
useful applications of this method proper selection of an insulator and 
etching method as well as optimized etching conditions are essential. 
Furthermore, if the technique is applied for dosimetry or other related 
applications, need for track density evaluation for conversion to fluence, 
dose, or dose equivalent is required. Therefore, this chapter deals with 
mechanisms of track formation in different insulators, etching and track 
density evaluation methods. The principles of track etching have also 
been reviewed in the literature (Becker, 1972, 1973; Fleischer et al., 
1975; Sohrabi and Becker, 1971). 
3.1 Mechanisms of Track Formation 
Charged particle tracks can be formed in many insulating materials 
such as minerals, inorganic glasses, and organic polymers. Fleischer et 
al. (1964), in their earlier work, proposed that etchable tracks may be 
formed by any charged particle whose energy loss per unit path length is 
greater than a critical value which is a characteristic of the recording 
material. Based on this criterion cellulose nitrate appears to require 
the lowest critical energy loss, thus the most sensitive material for 
track registration of charged particles including protons. 
Because of some problems in predicting the dependence of track 
52 
formation on ion velocity, an improved criterion was proposed (Fleischer 
et al., 1967). The new criterion was based on primary specific ioniza-
tion rate, i.e. the number of primary electrons formed per unit path 
length. The authors (Fleischer et al., 1969), utilizing the Bethe form-
ula, obtained the radiation damage densities for different track record-
ers and different ions. In Figure 3 the thresholds for three common 
track detectors, muscovite mica, polycarbonate (Lexan), and cellulose 
nitrate of different sensitivites are indicated as well as the radiation 
damage densities for various particles as a function of their velocities 
(energy per nucleon) (Fleischer et al., 1969). As can be seen, for etch-
able track formation in insulators the particle should cause sufficient 
damage density along its path, i.e. the energy of the particle should be 
in the range causing the most damage density. For example, according to 
Figure 3, protons should have an energy lower than about 0.5 MeV to 
cause sufficient damage density for track formations in most sensitive 
cellulose nitrates and no tracks would be expected in Lexan. However, 
this energy range does not depend only on the characteristics of the 
material itself but also on the etching method and etching conditions ap-
plied which will change the indicated thresholds. 
Another important factor which governs the visible track formation 
after etching is the angle of incidence at which the charged particle 
enters the surface of the detecting material (i.e. the angle between the 
particle path and the plane of the surface). The particles entering the 
surface at angles less than a critical value will not become visible but 
are etched away. The sine of this critical angle (sin$ ) has been found 
by geometric relations to be the ratio of the etching speed (or etching 
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rate) along the surface to that along the track itself (Tuyn, 1970). 
This angle determines the registration efficiency of the material and 
governs the shape of the track. If the etching speeds along the surface 
and along the charged particle path are comparable, the tracks appear 
circular, if the speed is faster along the particle trajectory, the track 
appears cylindrical or needle like. Moreover, since etching speed along 
the track and along the surface determines the efficiency, many factors 
mainly type of insulator, etching method and its conditions, and type and 
speed of particle govern the efficiency. 
Several other track formation mechanisms have been proposed to ex-
plain the damage region immediately surrounding the track and its rele-
vance to the higher etchability of this region than that of the undamaged 
surface. Different mechanisms come from the two modes of interaction, 
i.e. elastic and inelastic collisions, when a charged particle passes 
through a material. A "displacement spike" model, relying on elastic 
scattering of a charged particle with the atomic nuclei is not believed 
to be the cause of track formation in solids because no tracks have been 
observed in conductors and at the end of a particle range where elastic 
scattering with atomic nuclei predominates (Fleischer et al., 1965b). 
Another proposed mechanism of track formation is the "thermal spike" model 
in which the energy given to the electrons is partially dissipated by the 
lattice atoms in a small region around the particle path raising local 
temperature to a point above the decomposition temperature of the track 
recorder, thus causing a region of imperfections which will be attacked 
by the etchant more than the undamaged surrounding region (Maurette, 
1970). This model is more promising than that described above (displace-
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ment spike) but suffers from the lack of correlation between the sensi-
tivity of the materials in terms of their decomposition temperatures or 
melting temperatures (Fleischer et al., 1975). 
An alternative is the "ion explosion spike" model proposed by 
Fleischer et al. (1965b), which has shown the most promise for track 
formation in minerals. This model suggests that a cylindrical region of 
positive ions is produced along the path of heavy charged particles due 
to the ejection of electrons and a mutual repulsion of the primary heavy 
positive ion results in atomic displacements in the crystal lattices. 
This process causes a cylindrical region of imperfections which is more 
readily attacked by an etching reagent than the surrounding, undamaged 
surface, the process that ultimately leads to microscopically visible etch 
pits or tracks. 
The ion explosion model explains all the features of track forma-
tion and is consistent with the primary specific ionization criterion; 
however, the model is unsatisfactory for offering a complete explanation 
of the formation of the etchable tracks in organic polymers. In this 
case a theory based on a radiochemical damage mechanism (Benton, 1968; 
Boyett et al., 1970; Monnin, 1968) states that etchable tracks are formed 
when a long polymer chain is broken into shorter fragments by passage of 
a charged particle. These lower molecular weight radiolytic fragments 
are highly reactive which makes them more easily attacked by a chemical 
reagent than the surrounding undamaged region. Here, both primary and 
secondary events contribute to the damage density around the track core 
since the energy required to break a chemical bond in polymers is less 
than the ionization potential of atoms (Fleischer et al., 1965b). Thus, 
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the energy loss of short-range delta rays causes additional bond breakage 
around the central core which enhances the etchability of the tracks. The 
more energetic delta rays can escape to considerable distances from the 
formation site. It is recognized that this discussion is similar to that 
of LET, i.e. by taking into account different delta ray energy cut offs 
total energy deposited at the damage site will differ. 
Another model for formation of etchable tracks in insulators has 
been proposed to account for spatial distribution of microdose (Katz and 
Kobetich, 1968). Depending on the range cut off of the delta rays, dif-
ferent doses will be delivered. Thus for a certain radial distance from 
the primary ion path the energy loss by the secondary electrons in this 
critical distance causes a minimal dosage to be considered as the thres-
hold for that material for the appearance of visible tracks. For example, 
-7 2 
taking 2 x 10 g/cm as a critical distance an energy deposition of about 
O 1 
8 x 10 erg g has been determined to be minimal dosage in Lexan poly-
8 9 - 1 
carbonate. The critical dose is about 3 x 10 and 3 x 10 erg g " in 
cellulose nitrate and mica, respectively. 
Unlike the "ion explosion" model which is based only on the primary 
events in the track core, the above model by Katz and Kobetich has taken 
into account only the effect of secondary events in both minerals and 
polymers. Since no etchable region has been induced in mica by doses of 
electrons much higher than the dose delivered by the passage of a heavy 
ion, there has been some discussion of the validity of this model (Fleis-
cher et al., 1975). Another model which takes into account the effect of 
both primary and secondary events seems more tenable (Monnin, 1970; Fain 
et al., 1974) 
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Based on the detailed justification of track formation mechanisms 
by Fleischer et al. (1975) and this review, a track formation mechanism 
which justifies and predicts all the track formation features has not yet 
been advanced. 
According to the above, even very insensitive insulators can regis-
ter tracks of high LET particles such as fission fragments. However, 
lower LET particles such as fast-neutron-induced recoil particles or simi-
lar ions from particle accelerators can be registered only in sensitive 
polymers. Further, the lightest charged particles considered for their 
registration have been protons. It has been shown both theoretically and 
experimentally that protons can be registered in the most sensitive poly-
mers such as cellulose acetate (Varnagy et al., 1970), cellulose nitrate 
(Carpenter and LaFleur, 1972; Luck, 1974), and red-dyed cellulose nitrate 
under this investigation. The dependence of track diameter on proton 
energy has been used also as a sensitive system of proton and alpha energy 
spectrometry (Luck, 1975). However, there have been some doubts expressed 
regarding the possibility of registration of proton tracks in polycarbo-
nate which is a less sensitive polymer compared to cellulose nitrate. 
3.2 Etching Methods 
The damage region along a charged particle track can be etched 
readily by a suitable etching method as previously stated. Many param-
eters control etching characteristics of each method. Description of 
parameters affecting conventional etching and electrochemical etching are 
discussed below. 
3.2.1 Conventional Etching Methods 
Etching is usually carried out by immersing the irradiated foils 
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in a chemical solution (etchant) under pre-selected conditions (Price and 
Walker, 1962; Fleischer and Price, 1963). In order to make charged par-
ticle tracks observable after etching, the etching speed (or etching rate) 
along the track, V , should be greater than that of the undamaged surface 
or bulk etching rate, V, . Therefore, any etchant under known etching con-
ditions as regards concentration and temperature to meet the above re-
quirement can be used as etchant. The most common etchants for charged-
particle track etching in polymers are alkali halide solutions, mainly 
potassium hydroxide (KOH) and sodium hydroxide (NaOH) solutions. Many 
other etchants for selected etching conditions have been recommended for 
fission fragment track etching of insulators (Blanc, 1970; Fleischer and 
Hart, 1970; Becker, 1973). However, in practice, depending on the type 
of charged particle, material and its applications, etching conditions 
must be optimized for a particular application. Etching speed for a 
given material depends on: 
(1) type and velocity of the charged particles, 
(2) type of the etchant, its concentration, and its temperature, 
(3) pre- or post-irradiation treatment of track recorders. 
The sensitivity of less sensitive insulators (e.g. mica) compared 
with the most sensitive insulators (e.g. cellulose nitrate) for different 
ions having different velocities has already been shown in Figure 3. The 
high LET heavy particles such as fission fragments can be registered in 
all track recorders with high sensitivity, and simple etchants such as 
hydrofluoric acid (HF) and potassium or sodium hydroxide solutions provide 
suitable etchants for track registration in, for example, mica and poly-
mers, respectively. All the tracks appear almost at the same time and 
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additional etching time increases the diameter linearly with time (Du-
trannois, 1971; Sohrabi and Becker, 1971; and others). Alpha particles, 
however, having lower LET's usually have a wider energy spectra especially 
if they are emitted from a thick source. Therefore, their registration 
should be made in the more sensitive polymers. They first appear at dif-
ferent times and the etching rate is much slower than that of fission 
fragments in the same material. Figure 4 illustrates a micrograph of 
alpha particles (small holes) and fission fragment tracks (large holes, 
17 ̂ m in diameter) in cellulose nitrate film (Kodak-Pathe LR-115) etched 
by the conventional method in 10 percent NaOH solution at 60°C for 90 
minutes (Sohrabi and Becker, 1971). Tracks produced by direct interaction 
of fast neutrons with polymers (i.e. fast-neutron-induced recoil particle 
tracks) as previously stated are a rather more complex function of etching 
time because the induced tracks are due to recoil particles of differing 
LET's and are distributed throughout the polymer. In this case the track 
density increases with etching time and reaches a plateau where equilib-
rium exists between the development of tracks from a greater depth in the 
detector and the disappearance of overetched shallow pits. 
Generally, in any type of track etching, only tracks in touch with 
the etchant are developed. Since fast-neutron-induced recoil particle 
tracks (as stated above) are distributed throughout the polymer, techniques 
for etching volume tracks from deeper layers have been advanced (Benton, 
1971; Khan, 1975a). In this case, etchant will be conducted through some 
source channels. These channels are produced in the polymer by bombard-
ment of heavy charged particles such as 9.6 MeV/nucleon Fe ' ' ions 
prior to fast neutron irradiation. By such methods, sensitivity for re-
Figure 4. Microphotograph of Alpha Particle (small holes) and Fission 
Fragment (large holes) "Tracks" in LR-115 after Etching 
(after Sohrabi and Becker, 1971) 
o^ o 
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coil particle registration has been increased by two orders of magnitude 
(Khan, 1975a). 
Effects of chemical composition and concentration of some etchants, 
in particular alkali halide solutions, have been studied for different 
polymers by some investigators (Blanford et al., 1970a; Dutrannois, 1971; 
Enge et al., 1974). Figure 5 shows fission fragment track etching rate 
of different polymers as a function of NaOH concentration (Blanford et 
al., 1970a). As can be seen the concentration dependence of the track 
diameter etching rate takes on quite different forms for different track 
recorders such as polycarbonate, cellulose acetate, cellulose nitrate, 
and cellulose acetobutyrate in a decreasing order, with the Lexan curve 
displaying the steepest slope, and the cellulose nitrate curve the flat-
test slope (Blanford et al., 1970a). In fact in cellulose nitrate the 
bulk etching rate reaches a plateau after a certain concentration (Enge 
et al., 1974). 
Etching temperature is perhaps the most critical parameter affect-
ing the etching rate. For example, the etching rate of silicon polycar-
bonate in 6.25 N NaOH solution has been shown to be an exponential function 
of etching temperature (Fleischer et al., 1972). A tenfold increase in 
the fission fragment track diameter (from 2.5 to 25 |am) has been observed 
when etching temperature was increased from 30 to 60°C for some track re-
corders (e.g. cellulose acetate) (Blanford et al., 1970a). This critical 
temperature dependence reveals a necessity for its control in cases where 
optical density or spark counts are measures of track density. However, 
for track counting by a microscope, small variations in temperature do not 
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Figure 5. Etching Rate (rate of increase in track diameter) as a 
Function of NaOH Concentration in Different Polymers 
(after Blanford et al., 1970a) 
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The physical and chemical pre- or post-irradiation treatment of 
detector materials such as hardening of polymers by aging or preheating 
changes the etching kinetics particularly at high temperatures and in 
more sensitive polymers. For example, the etching kinetics of cellulose 
nitrate were changed dramatically when it was preheated to temperatures 
up to 145°C for an hour, while no changes occurred in polycarbonate foils 
up to 180°C (Somogi, 1972a). On the other hand, Khan (1975b) reported 
some changes in maximum track length of fission fragment tracks and regis-
tration efficiency of polycarbonate and cellulose nitrate materials by 
short term (10 minute) pre-irradiation annealing at different temperatures. 
Long term post-irradiation storage (three months) of 10 micron thick poly-
carbonate foils in a tropical climate (30dC, 95 percent humidity) after 
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being irradiated with fission fragments from an uncapsulated Cf source 
has increased the required etching time for perforation of all fission 
tracks before spark counting (Sohrabi, 1971). Softening of polymers by 
chemical reagents such as H?0„ (Becker, 1968) and UV light in different 
gaseous environments (Henke et al., 1970), oxidation by 0~ (Somogi, 1972b), 
and spark discharge in the irradiated foils before etching (Blanford et 
al., 1970b) also change the etching rate either along the track or along 
the unirradiated bulk surface. Many other pre- or post-irradiation treat-
ments such as environmental, thermal, mechanical, electrical, photochemi-
cal, and irradiation effects have been reviewed and discussed by Becker 
(1973) and Fleischer et al. (1975) and have been shown to change track 
etching characteristics. 
For good reproducibility in ultimate track density or track dimen-
sions, etching conditions must be carefully controlled; in particular, 
64 
this is essential if counting methods, as will be seen below, such as 
spark counting or optical densitometry, are applied. In addition, for 
spark counting techniques, foils having uniform thicknesses must be used. 
However, if visual track counting is employed, foil thickness is not very 
critical. It must not be overlooked that foil materials obtained from 
different vendors or from batch to batch might differ significantly. 
Therefore, individual calibration of each batch under controlled etching 
conditions is sometimes essential. 
The stability of "latent" damage under different temperatures and 
humidities differs from material to material (for review, see Becker, 
1973). After etching, no fading of tracks can be observed except in poly-
mers at temperatures close to their melting points. Before etching in 
some materials such as mica and quartz, temperatures as high as 600 to 
800°C are required to anneal fission fragment tracks (Khan, 1974). In 
sensitive polymers such as cellulose nitrate, complete annealing of the 
tracks occurs by overnight storage at 80°C (Johnson and Becker, 1970). 
However, polycarbonate is more stable in retaining charged particle tracks 
for both fission fragments and fast-neutron-induced recoil particles (see 
Chapter VI). 
3.2.2 Electrochemical Etching Methods 
Perhaps the most elegant etching method is that introduced by Tomma 
sino (1970). Detailed information on the electrochemical etching system 
as well as etching procedure will be given in Chapter IV. Briefly, the 
technique is based on conductive energy loss along the tracks by applying 
a high voltage at a frequency having square or sinusoidal waveforms in an 
etchant at room temperature (or at a higher temperature if desired which 
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results in preferential local etching along the track This leads to an 
etching rate along the track which is much greater than that of undamaged 
surrounding surface leading to very large tracks usually round in shape. 
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Figure 6 shows fission fragment tracks from a Cf source in gamma film 
backing (Sohrabi and Becker, 1971). These tracks were developed in suc-
cession by electrochemical etching and conventional etching at room tem-
perature in an electrochemical etching chamber by simply turning the high 
voltage on and off in different periods of time. Different regions shown 
in the tracks indicate different processing events. 
In electrochemical etching, a high voltage at a certain frequency 
is applied across an etching chamber (see Figure 9) filled with the etch-
ant. The diffused ions in the etchant each experience a force which is 
equal to 
F = Z. e E 
l 
—» 
where F = the induced force, Z. = the number of elementary charges, e = 
—» 
the unit electric charge, and E = the electric field at the location of 
the ions. This force is superimposed on the random walk of the diffused 
ions. Thus a positive ion is accelerated toward and away from an electrode 
as its potential oscillates from minus to plus, respectively. Likewise, 
the negative ion is accelerated to and from an electrode as it alternately 
becomes an anode or cathode, respectively. A steady ion movement occurs 
in one direction when a steady dc voltage is applied; however, in case of 
ac voltage, the direction of motion of the ions is changed twice each 
cycle. To better visualize the behavior of electrochemical etching, at 
least in part, the following steps may be considered: 
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Figure 6. Fission Fragment Tracks from Cf in Gamma Film Backing 
by Consecutive Treatment of Electrochemical and Conven-
tional Etching 
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(1) When no foils are present between the containers, under a dc 
or ac voltage, an ionic current will flow across the chamber if the elec-
trical impedance is finite; it is steady in the former case and alterna-
tive in the latter. This ionic flow in the solution is equal to the elec-
tron flow in the external circuit. 
(2) When a dielectric foil is incorporated between the two con-
tainers of the chamber, a capacitance is introduced in the circuit. The 
capacitive reactance of the current is therefore X = l/2 TTfC where f is 
the frequency and C is the capacitance. In this case, with a steady dc 
voltage applied, f equals zero and the capacitive reactance is infinite 
so that no current can pass through the chamber. Therefore, it performs 
like an open circuit and electrochemical etching is not effective. 
(3) When an ac voltage is applied across the chamber with foils 
of optimum thickness present, the electrochemical etching becomes effec-
tive even at one Hz (Tommasino, 1970). The ions in the etchant experience 
a force which changes their direction two times per cycle. In this case 
the impedance and capacitive reactance are finite leading to a small cur-
rent through the chamber which depends strongly on the foil thickness. 
Figure 7 shows measured capacitance and current through the chamber as 
functions of polycarbonate foil thickness. The currents for different 
polycarbonate foil thicknesses were measured in the chamber filled with 
28 percent KOH solution at 25°C applying 800 V at two kHz using the power 
supply of Figure 10. As can be seen, the capacitance and the current 
follow each other as hyperbolic functions of foil thickness. The current 
decreases with thickness reaching a small value corresponding to a thick-
ness beyond which electrochemical etching becomes ineffective as will be 
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Figure 7. Measured Capacitance (pF) and Current (mA) as Functions of Polycarbonate Foil Thickness 
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discussed in Chapter V. On the other hand, as the frequency increases 
the capacitive reactance decreases, thus the current (measured for 250 p,m 
polycarbonate foils at the above etching conditions) increases to a point 
reaching a plateau, as shown also in Figure 7, determined by the ohmic 
resistance, R, of the circuit. If there is an inductive reactance X = 
2TTfL in the circuit, resonance or a maximum current is reached when f = 
1/2TT/LC . In any case the absolute value of the total impedance, |Z|, is 
|z| = /(" given by Z| X - X ) + R . Based on the experimental results ob-
tained during this investigation, it was found that, although the current 
through the chamber controls the overall effectiveness of etching in dif-
ferent foil thicknesses, local oscillation of the ions at the damaged 
sites leads to currents which seem to be responsible for sensitivity 
o 
(tracks/cm *rad) control for each foil thickness (see Chapter V). 
Like any other etching method etching conditions must be controlled 
for best results. Unlike conventional etching techniques, however, many 
parameters govern the effectiveness of electrochemical etching in terms 
of sensitivity and track diameter. Some of the more important parameters 
include: 
1. nature or type of the dielectric material used, 
2. thickness of the dielectric material and its dependence on the 
duration of the etching process, 
3. applied voltage and its frequency, 
4. chemical composition, concentration, and temperature of the 
etchant, 
5. size of the electrodes, distance, and angle between them, 
6. type and energy of the charged particle. 
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These parameters were studied in some detail in this investigation as 
applied to fast-neutron-induced recoil particle track amplification in 
polycarbonate foils and will be discussed in Chapter V. 
3.3 Track Detection Methods 
It is a basic requirement in dosimetric application of solid state 
nuclear track detectors to determine the number of tracks per unit area 
of detector surface or any change in the detector characteristics, such 
as optical density, which is a measurable parameter varying as a function 
of dose delivered by the particles bombarding the foil. A large number 
of techniques has been proposed and used for track detection. For the 
purpose of this section some track counting techniques will be discussed 
based on conventional etching of tracks unless otherwise indicated where 
relevant to electrochemical etching. The counting methods are divided 
into four categories: 
(1) microscopic or visual counting method, 
(2) optical densitometry, 
(3) spark counting techniques, and 
(4) other techniques. 
Visual track counting with a microscope has been the most common 
technique in studying track structure and track density determination. 
It is a unique technique for studying track structure and dimension mea-
surements, but a tedious method for counting purposes. It is also a slow 
and inaccurate process subject to systematic errors especially when tracks 
are small and not well defined. This is particularly true when the track 
density is either very low or high where increased error in counting is 
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unavoidable. 
Attempts have been made to simplify visual track counting under a 
microscope. For example, some especially developed films, such as Kodak 
Pathe LR-115 consisting of a thin film (8 (im) of red-dyed cellulose ni-
trate coated on a clear polyester base have been used for track detection 
(Barbier, 1970). In this case tracks become visible under a microscope 
as transparent holes on a red background which easily can be counted visu-
ally (see Figure 4). The technique has been further applied to alpha 
particle detection (Costa-Ribeiro and Lobao, 1975) and recoil particle 
detection (Tripier et al., 1975). Other methods such as interference-
contrast techniques provide additional contrast by producing different 
interference colors around the etch pits (Piesch, 1970; Sohrabi, 1969). 
There are other visual counting techniques especially for low track 
densities. One technique utilizes thin polymer films coated with aluminum 
on one side. The etchant passes through the fission fragment trajectory 
to the other side of the foil, thus making holes in the aluminum coating 
which can be seen by the unaided eye (Fleischer et al., 1966). An altern-
ative method is placing the etched perforated foil against a membrane 
filter and forcing a solution of dye through the perforations making a 
dyed spot on the membrane which is large enough to be observed by the un-
aided eye (Cross and Tommasino, 1970). A rather similar method is the 
dyeing of the tracks after etching by red ink for contrast amplification 
(Khan, 1971). All these methods are usually time consuming but useful for 
low track density counting. 
Prior to development of electrochemical etching, conventionally-
etched fission fragment track counting by a microscope was considered the 
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simplest because these tracks can be distinguished easily from other 
particle tracks such as alpha or recoil particle tracks (see Figure 4) 
and because fission fragment tracks are usually developed more easily by 
conventional etching and appear very well defined. However, by electro-
chemical etching such a discrimination between different types of tracks 
no longer exists. Both fission fragment and recoil particle tracks can 
be amplified by electrochemical etching as very well-defined tracks which 
can be observed easily under a microscope at low magnifications (X40) or 
projected on a white screen or observed by a microfilm screen or even de-
tected easily by the unaided eye. Thus, at low track densities the whole 
2 
area of the foil (e.g. two cm ) can be counted with minimum counting 
errors. 
Another category of track counting methods is optical densitometry 
(Tuyn, 1969). Optical density in general depends on many factors such as 
track density, etching conditions, and foil thickness. Therefore, if the 
other parameters are fixed and the first factor (track density) is the 
only variable parameter, then the optical density can be an indication of 
track density or particle fluence. The red-dyed cellulose nitrate as 
mentioned above can be subjected to optical densitometry, particularly 
if the wavelength chosen for the densitometry is adjusted to the optical 
absorption peak of the dye. Figure 8 shows optical density as a function 
of etching time in 10 percent NaOH solution at 60dC for red-dyed cellulose 
252 
nitrate irradiated to fission fragment (from Cf) and for different track 
densities (Sohrabi and Becker, 1971). Optical densitometry with other 
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Figure 8. Optical Density of Unexposed and Fission Fragment (from 
252Cf) Irradiated LR-115 as a Function of Etching Time 
in 10% NaOH at 60°C for Indicated Track Densities 
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been applied in a few applications (Tuyn, 1969; Tuyn and Broerse, 1970). 
Generally, optical density measurements can be used at high track den-
sities. However, if tracks are large and have good contrast at low 
track densities, visual counting is preferable. 
The availability of thin plastic foils also opened up new methods 
for automatic determination of track density. Conventional etching of 
thin foils irradiated by fission fragments or alpha particles leads to 
perforations through the foils so that one can produce sparks through 
them. One method is to place the etched foil against a grounded plane 
electrode and scan across it with a knife-edge at high potentials (Cross 
and Tommasino, 1968; Lark, 1969). Whenever the knife edge passes a hole, 
a spark occurs which enlarges the hole and also darkens the whole path 
so that the darkened spots can be observed by the eye. This technique 
is limited to relatively low track densities because there are difficul-
ties in resolving perforations that are close together. 
An improved sparking method developed by Cross and Tommasino (1970) 
is based on the same principle but instead the moving parts are avoided 
during the counting process. The technique is extremely simple, fast, 
and capable of counting low and intermediate track densities. The etched 
foil is placed as an insulator on a central electrode and is covered in 
close contact with a piece of aluminized Mylar with the aluminized side 
facing the etched film and making contact with an outer grounded electrode. 
When a positive voltage is applied between ground and the central elec-
trode, a spark passes through one of the holes, and the heat of the spark 
causes an evaporated spot on the aluminum electrode. Thus the electrical 
resistance through this hole increases preventing the counter from multi-
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pie sparking through the same hole. Thereafter, the spark jumps from one 
hole to another until all the holes have been sparked (and burned evapor-
ized spots have been produced opposite each hole), then the counting 
stops. 
The counting process can be done by coupling the counter to a scaler 
through a simple, GM-type quenching circuit so that each spark is recorded 
by the scaler. The number of counts or sparks obtained depends on applied 
voltage, etching conditions, foil thickness, etc. The number of counts 
as a function of applied voltage increases reaching a plateau between 
500 and 800 volts for 10 |j,m polycarbonate foils (Burger et al., 1970). 
Therefore, the operating voltage often used is usually around 500 volts 
with a precounting at 600 volts to cause complete perforations in those 
tracks which are about to perforate through the foil. 
The spark counting technique has been applied successfully to 
fission fragment and alpha particle track counting in polycarbonate and 
cellulose nitrate films, but it had not proven to be very efficient in 
counting recoil particle tracks (Johnson and Becker, 1970). Two investi-
gations by Becker and Abd-el Razek (1974) and by this author have shown 
that recoil particle tracks can be spark counted easily if the foils are 
properly etched. This method is based on extended etching of 10 |im poly-
carbonate foils (Kimfol) to a point comparable to the range of recoil 
particle tracks as used by Becker and Abd-el Razek or by using thinner 
foils such as 6 |j,m polycarbonate as are discussed in section 4.4. Spark 
2 
counting of fission fragment tracks is linear up to 3000 tracks/cm ; how-
ever, as will be seen, the range has been extended to higher track 
densities when recoil particle tracks are being spark counted. Also, 
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spark counting of fission fragment tracks in thin mica foils has been 
reported (Becker, 1975). The spark counting technique has found worldwide 
interest and has been the subject of many investigations (Pretre, 1973; 
Nishiwaki et al., 1973; and others). 
There are also numerous other techniques for track density deter-
mination; however, they have not found wide applications. One method is 
to pass gas through the perforations in the foil and detect the gas on 
the other side (Block et al., 1969) or to irradiate etched samples with 
short wavelength UV light and detect the photons passing through the 
holes by a photomultiplier tube (Pr&tre et al., 1968). 
Another method is based on the fact that the etched holes under 
dark field illumination of a microscope appear as bright spots on a dark 
field background where the integral amount of scattered light can be de-
tected by a photomultiplier tube located at the microscope eyepiece 
(Becker, 1966). 
Fission fragment track counting can be performed also by placing 
the perforated foil between an alpha source and a surface barrier detector 
(Khan and Durrani, 1972) or any other sensitive alpha detecting device. 
The number of alpha particles detected after passing through the holes is 
a sensitive measure of fission fragment track density. Measurement of 
scattered light from the fission fragment track sites by a photomulti-
plier tube is another method for high track density determinations 
(Schultz, 1968). 
Among the mentioned techniques, visual track counting and studying 
track structure under a microscope, and spark counting methods have been 
widely used in many investigations. In particular, the spark counting 
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technique is good for low and intermediate track densities and has been 
used in many laboratories for track density determinations for research 
and routine neutron personnel dosimetry services. 
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CHAPTER IV 
INSTRUMENTATION, EQUIPMENT, AND PROCEDURES 
This chapter describes instrumentation, equipment, facilities, and 
procedures used in this investigation. The main portion of instrumenta-
tion and equipment required for track amplification was the electrochemi-
cal etching system designed and constructed in our laboratories during 
the course of this study. It consists of an etching chamber and a high 
voltage supply to maintain the voltage across the chamber at frequencies 
of interest. Phantoms also were constructed and used for depth dose 
studies. In addition, many gamma and neutron facilities used for foil 
irradiations in phantom or in air are discussed in this chapter. 
4.1 Electrochemical Etching Instrumentations 
An electrochemical etching system for large-scale foil etching 
applications requires an especially designed chamber capable of process-
ing a large number of foils simultaneously. An electrochemical etching 
chamber was designed and constructed so that six foils could be etched 
simultaneously to demonstrate the feasibility of multi-foil etching. 
Figure 9 shows the electrochemical etching chamber used in most of this 
study. As can be seen, it consists of two cylindrical Lucite containers 
each having dimensions of 11 cm in diameter and 11 cm in length. The 
overall length of the chamber is therefore 22 cm. A slit was made on top 
of each container for placing and replacing the electrodes. 
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Figure 9- An Electrochemical Etching Chamber 
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The foils to be etched (each two cm in diameter) were placed in 
windows between the containers to isolate them electrically when the high 
voltage is applied. Each foil is held firmly in place by means of two 
rubber 0* rings. The containers, as can be seen from Figure 9, are held 
together by means of four wing nuts. Special precautions were taken to 
prevent any etchant leakage through or around the foils which would auto-
matically stop the electrochemical etching process. 
After the chambers were set up with foils in place, they were filled 
with the etchant at a preadjusted temperature. Then two electrodes each 
six cm in diameter were placed in the etchant as they are shown in Figure 
9. Platinum, palladium, and stainless steel were each used as satisfac-
tory electrodes during the course of this study. Platinum and stainless 
steel electrodes were found to be thick enough to be used without added 
support. However, the palladium electrodes were thin (125 pjn) and diffi-
cult to handle, so they were supported by a Lucite "o" ring having the 
same diameter (six cm). Stainless steel electrodes were preferred be-
cause of negligible cost and ready availability. The electrodes were 
kept parallel to the plane of the foils for better reproducibility, al-
though the angle did not seem to be very critical. 
4.1.1 High Voltage Supply Systems 
Electrochemical etching amplification of charged particle tracks 
requires a high voltage power supply having variable output voltages rang-
ing from 100 to 1500 volts, or higher if desired, at variable frequencies 
of square or sinusoidal waveforms ranging from 1 Hz to 10-20 kHz. Such a 
power supply permits one to study the effects of applied voltage and fre-
quency over a wide range. 
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To obtain the desired frequency, a high frequency generator is 
required. Two audiofrequency generators (Jackson, Model No. 652 and 
Heathkit, Model No. 1G-72) were available for this investigation. These 
types of audiogenerators usually do not supply sufficient power and volt-
age for electrochemical etching amplification of charge particle tracks. 
Therefore, their outputs had to be further amplified to maintain the 
necessary voltages at the desired frequencies. 
Two power supplies were constructed and used in this investigation. 
In one system, the output of the Jackson audiogenerator (which was of the 
order of 80 volts at two kHz) was further amplified by means of a home-
made push-pull power amplifier. Figure 10 shows the circuit diagram of 
such an amplifier connected to the frequency generator and the etching 
chamber. It was used in almost the entire investigation. The maximum 
voltage obtained by this power supply system was about 1500 volts. The 
current passing through the chamber depends on a number of factors includ-
ing the applied voltage and its frequency, foil material and its thick-
ness, total foil area, etchant concentration and its temperature, etc. 
For example, currents of the order of 11 mA and two mA were obtained 
using Lexan polycarbonate foils of thicknesses 25 p̂i and 250 jjLtn, respec-
tively, when the chamber was filled with 28 percent KOH at 25°C by apply-
ing 800 V at two kHz. 
Another power supply was designed and used in some of the investi-
gations. In this case the output of a Heathkit audiofrequency generator 
was amplified through a 70 watt Heathkit push-pull amplifier followed by 
further amplification by an audiotransformer to supply a maximum output 
of about 2500 volts at two kHz. 
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Figure 10. Diagram of Electrochemical Etching System Used in This Study 00 K3 
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Both power supplies were tested for frequency and voltage stability. 
Under similar electrochemical etching conditions they both performed sa-
tisfactorily in the amplification of fast-neutron-induced recoil particle 
tracks. The sensitivities (tracks/n«rad) obtained with the two systems 
were the same within experimental errors. However, because of the larger 
power output of the second power supply, it was more suitable for etching 
large numbers of foils. Nevertheless, the first power supply was used 
mostly in these investigations. 
4.2 Electrochemical Etching Procedure 
Etchant solution ("etchant") of a certain concentration is required 
for any type of etching technique. Etchants having appropriate percent 
by weight were prepared by adding known amounts of potassium hydroxide or 
sodium hydroxide into known amounts of distilled water in a beaker. This 
process was carried out slowly followed by gentle stirring of the combi-
nation. The beaker was covered to prevent the collection of dust or loss 
of water by evaporation. The solution was allowed to cool down to room 
temperature (usually 24.5 ± 0.5°C); however, the temperature is reported 
as 25°C. 
Polymer foils used in most parts of the study were 2 cm in diameter. 
They were punched out of a plain sheet of irradiated or unirradiated poly-
mers. Care should be taken in this process to prevent the foils from 
being scratched unless they are masked by the manufacturer. Each foil 
was labeled by a strip of transparent tape attached to the foil and num-
bered by a marking pen. 
The foils to be etched were placed between the containers comprising 
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the chamber as described in section 4.2.1. The containers were then 
filled with the etchant having the desired temperature and concentration. 
The electrodes were placed in the containers at fixed positions about 8.5 
cm apart and parallel to each other. Then a high voltage at a selected 
frequency was applied across the chamber through the electrodes. The 
voltage across the chamber was continuously monitored by a voltmeter for 
any unexpected voltage changes since the voltage will drop if there is 
any perforation through the foil or etchant leak between containers. 
Etching then proceeds for a time which depends mainly on the foil thick-
ness when other parameters are fixed. 
After an optimum etching time in each process, the high voltage 
was disconnected and cleanup begun, i.e. removing the electrodes, pouring 
out the etchant, washing to remove any residual etchant from the foil 
surfaces, etc. Then the foils were removed and dried at ambient room 
conditions, often by blowing air over them. The total time for these 
steps was 20 to 30 minutes. 
4.3 Recoil Particle Track Counting 
A number of counting techniques was discussed in Chapter III. 
Some of the methods included visual track counting under a microscope and 
on a microfilm screen, optical densitometry, scattered light measurements, 
and spark counting techniques. It should be mentioned that spark counting 
was applied only to those tracks induced in very thin polycarbonate foils 
(six |j,m) when conventionally etched (discussed in the following section). 
Some of the good characteristics of fast-neutron-induced recoil 
particle track amplification by electrochemical etching compared to tracks 
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obtained by conventional etching methods are large track sizes and sharp 
contrast against an undamaged transparent surface. This is to the extent 
that the unaided eye can provide a rough track density determination when 
the observer is experienced. Hence, dose determination by the eye can be 
considered as the simplest and fastest method for routine and accidental 
fast neutron dosimetry cases. 
For visual track counting under a microscope, a Nikon light micro-
scope Model No. 74890 was used. The microscope was used extensively for 
both track density determination and track diameter measurements. For 
track diameter measurements a filar micrometer was placed on the micro-
scope eyepiece. Tracks can be observed under different illumination con-
ditions, e.g. under light field or dark field. Figures 11 and 12 show 
the appearance of the tracks under the two illumination conditions, re-
spectively, in 125 |im polycarbonate foils etched in 28 percent KOH solu-
tion at 25°C by applying 700 V at one kHz for 2.5 hours. As can be seen, 
tracks are amplified on both sides of the foil with a ratio which depends 
on the neutron energy and etching conditions applied. Therefore, for 
consistency, tracks on both sides of the foils were counted under each 
field of view and reported track densities are the averaged values of 10-
12 field areas randomly scanned. For low neutron doses encountered in 
routine personnel monitoring the whole area of the foil can be scanned by 
projecting the tracks on a microfilm screen thus reducing counting errors 
significantly. 
For optical density measurements, an Ansco-McBeth densitometer, 
Model No. TD100A, was used. The input voltage to the densitometer was 
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Figure 11. Micrograph of Recoil Particle Tracks in 125 [jjn Thick 
Polycarbonate Foil Etched in 28% KOH Solution at 25°C 
Applying 700 V at 1 kHz for 2.5 Hours 
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Figure 12. Micrograph of Recoil Particle Tracks in 125 ^m Thick 
Polycarbonate Foil Etched in 28% KOH Solution at 25°C 
Applying 700 V at 1 kHz for 2.5 Hours 
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tracks is so pronounced that the optical density reading becomes signifi-
cant at doses as low as 10 rads of fission neutrons. 
A Bausch and Lomb microprojector was used both for track projection 
on a screen and for a light scattering measurement experiment. The pro-
jector consists of a 100 watt bayonet-base bulb with condensers and heat 
absorbing glass which prevents heating the sample. This microprojector 
was adopted for track density evaluation by measuring either the scat-
tered or transmitted light from the foil. The scattered or transmitted 
light can be measured by a photovoltaic cell mounted on a circular Lucite 
shell in such a fashion that the cell can detect the scattered light at 
different angles. The system was isolated and painted black so that no 
stray light can reach the detector and only the scattered light can be 
measured. The intensity of the light was controlled by a variable trans-
former. This system was only used in some preliminary investigations. 
4.4 Spark Counting of Conventionally Etched Recoil 
Particle Tracks 
It has been shown that conventionally-etched recoil particle tracks 
due to their short range do not lead to efficient perforations through 
the foil for spark counting (Johnson and Becker, 1970). In a preliminary 
investigation in the early stage of this research it was shown that re-
coil particle tracks can be spark counted by using thin foils with a 
thickness close to the range of recoil particle tracks in the polymer 
using conventional etching methods. A similar investigation was reported 
by Becker and Abd-el Razek (1974) who used extended etching in 10 p,m poly-
carbonate foils and stripable cellulose nitrate films. Our present: report 
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describes briefly the techniques used and conditions applied and presents 
some preliminary results on response as a function of fission neutron 
dose. To avoid confusion, the etching technique used here was a conven-
tional method as discussed beofre. The spark counter was constructed 
similar to the one used in a previous investigation (Sohrabi and Becker, 
1971). 
In this conventional etching method, six p,m thick aluminized poly-
carbonate foils (Kimfol) were used. They were irradiated by fission neu-
trons according to the procedure described in the following sections. 
Each foil had been punched and glued to a Lucite "0" ring following a 
similar procedure applied in a previous investigation (Sohrabi and Becker, 
1971). The ring had a 1.8 cm internal diameter. The advantage of the 
aluminized side was to provide extra support in handling the foils before 
etching. The aluminized side was dissolved after dipping in the etchant. 
The etchant solution in this conventional etching system was con-
tained in a dish and placed in a low temperature oven. The etchant tem-
perature was controlled within ± 1°C. The stirring conditions could be 
controlled by a small magnetic rod in the solution and a magnetic plate 
underneath the dish. The dish had a Lucite top so that mounted foils 
could be placed in the solution by small alligator clips in a circular 
fashion to provide reproducible uniform etching of all foils. After etch-
ing, the foils were removed from the etchant with care, washed gently in 
running water, and dried in an oven at 40°C. 
Etching time was optimized by etching several unexposed and ex-
posed foils and observing the results using various etching times. By 
etching the foils in 28 percent KOH solution at 60 ± 1°C under very gentle 
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stirring conditions, etching time was optimized at 74 minutes. This time 
is slightly lower than the time after which the spark density becomes sig-
nificant in etched unexposed foils. However, due to poor reproducibility, 
this time did not seem reliable. 
Satisfactory spark counting of these foils is a very critical func-
tion of polymer thickness, etching conditions, neutron dose, sparking 
voltage, etc. After the exposed foils were etched under the mentioned 
etching conditions they were presparked at 600 volts followed by sparking 
at 500 volts. This routine was based on previous experiences with fission 
fragment track spark counting. It was observed that spark count density 
increases by successive sparking. Furthermore, slight movement of a foil 
over the electrode causes significant changes in the spark counts. There-
fore, somewhat arbitrarily the third spark count density (without any 
movement of foil over the electrode) was chosen as the spark count density 
corresponding to a neutron exposure. 
Figure 13 shows spark counts as a function of HPRR (Health Physics 
Research Reactor) fission neutron dose under the mentioned etching and 
sparking conditions at three different etching times. Under the applied 
conditions, the spark count density was a critical function of any varia-
tions in etching conditions such as temperature, etching time, etc. 
Therefore, the reproducibility and precision were not very satisfactory. 
Attempts were made to improve the mentioned etching conditions by using a 
20 percent NaOH solution at 50°C. By this approach, better reproducibility 
and more uniform sparking were obtained although the etching time for 
satisfactory sparking had to be increased to seven hours. 
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Figure 13. Recoil Particle Spark Counts as a Function of Fission 
Neutron Dose in 6 (ĵm Aluminized Kimfol at Different 
Etching Times Etched in 28% KOH Solution at 60°C 
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4.5 Tissue-Equivalent Materials 
Because of the complicated histological structure of tissue a sim-
plified composition of tissue is applied in tissue dosimetry. This is be-
cause of difficulty in duplicating the exact composition and structure 
of tissue which are variable from tissue to tissue. Furthermore, experi-
mental depth dose determination of a human body in vitro is an impossible 
task. Therefore, in practice, to simulate soft tissue or bone, equiva-
lent solids or liquids are often used. To simulate the human body, simple 
phantoms consisting of cylindrical, elliptical, and cubical containers 
filled with tissue-equivalent materials are commonly used to obtain depth 
dose information. To study the effect of heterogeneity of a human body 
such as the presence of lungs or bones, usually lung phantoms and bone-
equivalent materials are introduced inside the phantom. Recently, a 
sophisticated simulation of a theoretical anthropomorphic phantom proposed 
and studied by Snyder and Fisher (Fisher and Snyder, 1967) has been con-
structed for some external and internal dosimetry studies (Garry et al., 
1973). 
Table 3 summarizes some tissue and bone-equivalent compositions 
commonly used for dosimeter and phantom constructions. Additional infor-
mation on tissue-equivalent liquids, solids, and gases is given also by 
Poston (1971). As can be seen from Table 3, the tissue-equivalent (TE) 
liquid of Goodman (1969b) is closest to the tissue composition recommended 
by NCRP (No. 38, 1971) and is often used in practice. It has only three 
components, i.e. urea, glycerin, and water. Bone-equivalent (BE) plastic 
(B-100) also has been used in many dosimetry investigations. Recently, 
bone-equivalent (BE) liquid used for the bone component of the anthropo-
Table 3. Elemental Composition of Tissue and Some Equivalent Materials 
Element Whole(1) Adipose ̂  Muscle ̂  Bone(1) Skeleton ̂  TE ̂  TE ̂  TE ̂  ) BE ̂  BE ̂  Polycar- Cellulose 
Body Tissue Fluid Fluid Plastic Plastic Liquid bonate* Nitrate^ 
% % % % % % % % % % % 7o 
Oxygen 61 23 75 43 49 71 74.2 5.0 3.06 53.0 18.9 57.1 
Carbon 23 64 11 16 23 15.6 12.0 77.1 53.41 19.1 75.6 28.6 
Hydrogen 10 12 10 4.1 7.1 9.8 10.2 9.9 6.39 6.5 5.5 3.2 
Nitrogen 2.6 0.80 2.6 4.3 3.9 3.6 3.6 4.4 2.67 3.9 - 11.1 
Calcium 1.4 0.0022 0.0031 21 10.0 - 17.69 10.3 
Phosphorus 1.0 0.016 0.18 10 7.0 - 6.8 
Sulfur 0.20 0.073 0.23 0.31 0.17 - - - - - -
Potassium 0.20 0.032 0.30 - 0.15 - - 3.6 - - -
Sodium 0.14 0.050 0.075 0.62 0.32 - - - - 0.2 
Chlorine 0.12 0.12 0.078 - 0.14 
Magnesium 0.027 0.0020 0.019 0.22 0.12 _ _ _ _ 0.2 
Fluorine - - - - - - - - 16.77 - -
TOTAL 99.687 100.09 99.48 99.55 100.9 100.0 100.0 100.0 99.99 100.0 100.0 100.0 
^NCRP No. 38 (1972; ^Rossi and Failla (1956); ^Goodman (1969b) ; ^4)Shonka et al. (1958); ^Wingate et al. (1962); 
(6)Garry et al. (1974); V ^ V A ; ^ W z V n 
Abbreviations: Bone-Equivalent (BE); Tissue-Equivalent (TE) 
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morphic phantom mentioned above is attracting interest in some investiga-
tions. The mentioned equivalent materials (TE liquid, BE plastic, and 
BE liquid) were, therefore, used in this investigation. 
4.6 Irradiation Facilities and Experimental Arrangements 
Many facilities producing neutrons, protons, gamma rays, and high 
energy x-rays were used in these studies for foil irradiations in air 
and in phantoms. Some characteristics of these sources and facilities 
were discussed in Chapter II. However, the experimental arrangements in-
cluding some characteristics of each source will be discussed below in 
more detail. 
4.6.1 Neutron Irradiations in Air 
Table 4 summarizes some characteristics of neutron sources used for 
air and phantom studies. The Health Physics Research Reactor was the 
neutron source used most extensively in this study. Polymer sheets of 
about 20 x 20 cm were supported in air using tape. The distances between 
the reactor core and the target samples varied according to the neutron 
dose to be delivered. For these exposures the reactor power was varied 
from a few watts up to several kilowatts at each reactor run depending on 
the neutron doses of interest. The neutron doses delivered were the 
values reported by the HPRR operation group (Fox, 1974). The reactor 
core was at the level of the samples during the operation, usually 1.5 
meter above the floor. 
A five Ci Pu-Be source (Georgia Tech) was used to irradiate samples 
with neutrons of this energy spectrum. A stand was constructed to support 
both the source and the samples at the same level. Polymer strips could 
Table 4. Some Characteristics of Fast Neutron Sources Used in This Study 
No. Source Facility 
Neutron Energy 
at Maximum Yield 
(MeV) 
Gamma Dose Range Distance 
Contamination Used between Target 
(percent total dose) (Rad) and Samples 
Fission Neutrons HPRR ORNL 10 CD 0.001-1000 1-15 (m) 
5 Ci Pu-Be 
16 MeV d 
on Be target 
+ 
50 MeV d 
on Be target 
16 MeV d 
on Be target 
35 MeV d 
on Be Target 
Ga. Tech 4.1 
Atlanta, Ga 




Univ. of 7 
Washington 
Cyclotron 







1-15 12 (cm) 
1-1000 140 (cm) 
1-1000 140 (cm) 
1-1000 106 (cm) 
1-1000 100 (cm) 
Mean Energy 




be irradiated in a circular fashion around the source at a distance of 
11.9 ± 0.2 cm from the center of the source. The neutron fluence and 
kerma dose were calculated from the neutron emission rate of the source. 
Three neutron sources from three medical cyclotrons were also used 
for foil irradiations. Some characteristics of these neutron sources 
were given in section 2.1 and some are reported in Table 4. The polymer 
sheets were each supported by a 10 x 10 cm Lucite frame approximately the 
size of the collimated beam. The neutron doses delivered were varied 
from 1 to 1000 rads tissue kerma in air. The neutron doses delivered to 
the samples were the values supplied by Smathers (1974) , Shapiro (1975), 
and Eenmaa (1975). In all samples, the center portion of the samples was 
punched for energy response studies to avoid any nonuniformity in the 
neutron dose in the outer portions of the samples. 
4.6.2 Neutron Irradiations of Phantoms 
Some neutron depth dose studies were carried out in an elliptical 
cylinder having a minor axis of 22 cm, a major axis of 32 cm, and a height 
of 35 cm. It was filled with tissue-equivalent fluid recommended by Good-
man (1969b). In this part of the study, three different tissue- and bone-
equivalent media (i.e. tissue-equivalent (TE) fluid, bone-equivalent; (BE) 
plastic, and bone-equivalent (BE) fluid contained in cylindrical tubes of 
five cm internal diameter and 21 cm in length) were incorporated into the 
elliptical cylinder along the minor axis. The cylinders (one at a time) 
were completely aligned along the minor axis of the phantom. By this 
setup neutron depth doses were measured in the three mentioned media by 
using polycarbonate foils as dosimeters held parallel to each other by a 
sample holder inside the cylindrical tubes. Each foil was numbered ac-
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cording to depth in the phantom. When BE plastic was used as the media 
of interest, foils were supported between the BE slabs without using any 
sample holder. 
Another phantom was constructed consisting of a plexiglass cube 
30 x 30 x 30 cm with 0.5 cm walls. A cylindrical plexiglass tube 0.4 cm 
thick having five cm internal diameter and 31 cm in length was fixed along 
the central axis of the cube connecting centers of two opposite walls to 
isolate the phantom liquid from that of the tube. By this design, sample 
holders supporting the foils could be placed in the tube from outside the 
phantom. Both ends of the tube could be closed from outside the phantom 
by screw caps. One cap had a small feeding tube along with a 50 cm rubber 
tube connected to a polyethylene bottle. By this mechanism, the cylinder 
could be filled easily with TE fluid just be raising the bottle (filled 
with TE fluid) above the levels to fill the tube. To prevent any air bub-
ble in the central tube, the air could be evacuated by a Lucite tube (one 
cm in diameter) joining the central tube vertically to the top of the 
phantom. This set-up permitted rapid change of the irradiated foils with-
out disturbing the phantom TE fluid. 
For air-tissue and bone-tissue interface studies, sample holders 
were used which were especially designed to hold the 250 |j,m polycarbonate 
foils parallel to each other with a 250 jjm thick gap between the foils. 
By this approach, fluid could fill the gaps. Each sample holder was 
placed in the front or in the rear of a four cm thick BE plastic for bone-
tissue interface studies, or near the air-tissue interface, or in BE! 
fluid. 
An elliptical thorax water phantom, 20 x 20 x 40 cm, was also used 
98 
to study orientation dependence of the dosimeter when it is worn on the 
human body. Also strips of polycarbonate foils were used on the phantom 
as a belt. After irradiation,foils to be etched were punched out of the 
belt. 
4.6.3 Neutron Exposure in High Energy Photon Beams 
In order to study changes in fast-neutron-induced track registra-
tion in Lexan polycarbonate for high doses of photons, polycarbonates were 
irradiated by different doses of gamma rays from a Georgia Tech cesium-
o c 
137 source. The dose range used varied from 10 rads to 6 x 10 rads as 
given in Table 5. A visible color change was observed at high doses. 
(For example, at six Mrads the foils turned brownish color; this colora-
tion may be used for gamma dosimetry in the Mrad regions.) Then the irra-
diated and unirradiated foils were exposed to equal fluences of Pu-Be neu-
trons from the source described above. 
4.6.4 Proton Irradiations 
Polycarbonate foils of 250 |j,m thickness were irradiated in broad 
beams of monoenergetic protons produced by the Georgia Tech one MeV Van de 
Graaff accelerator. The protons had energies from 100 keV to 900 keV in 
100 keV intervals. The beam current was roughly on the order of 2 x 10 
amperes. The irradiation times were a few seconds. The irradiated foils 
were about five cm in diameter and covered by nickel mesh to distribute 
any charge build up on or around the foil surface and prevent sparking 
which might damage the foil. 
Another proton irradiation method was used which was similar to 
that employed by Carpenter and LaFleur (1972). Protons were produced by 
14 14 the reaction N(n,p) C under thermal neutron irradiations of a nitroge-
Table 5. Some Characteristics of Gamma and High Energy X-Ray Sources Used in This Research 




1 (V,n) neutrons 




20 x 20 
2 (Y,n) neutrons 







10 x 10 
3 (y,n) neutrons 





be > 3 MeV<2) 
10 x 10 
4 Cesium-137 
0.66 MeV gamma 
rays 
Georgia Tech 
TSD Photon Dose Range 
(cm) (rad) 
100 1 to 2000 
100 1 to 2000 
110 1 to 2000 
103 to 6x 106 
Briden and Ice (1972); yAxton and Bardell (1972) 
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nous compound rich in nitrogen such as urea. The cross section for this 
reaction is 1.81 barns for thermal neutrons. Urea pellets were prepared 
by pressing 300 mg powder in a pellet die under a hydraulic press using 
7,000 lb/sq inch. The prepared pellets were 13 mm in diameter. 
Thermal neutron exposures were carried out in the Biomedical Expo-
sure Facility of the Georgia Tech Research Reactor (GTRR). The beam 
portal is about 10 cm in diameter and the neutron flux at this portal 
was approximately 1.0 x 10 n/sec at one MW. Urea pellet/polycarbonate 
and urea pellet/red-dyed cellulose nitrate foils were irradiated at the 
beam portal with the pellets facing the thermal neutron beam. By this 
approach protons of about 0.5 MeV energy are produced and permitted to 
strike the foils. The exposure time was five minutes. 
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CHAPTER V 
OPTIMIZATION OF ELECTROCHEMICAL ETCHING PARAMETERS FOR THE 
AMPLIFICATION OF FAST-NEUTRON-INDUCED RECOIL 
PARTICLE TRACKS IN POLYMERS 
Electrochemical etching parameters affecting the etching results 
and a brief discussion of the etching mechanism were given in Chapter III. 
Detailed experimental studies on the effect of each mentioned parameter 
on the amplification of fast-neutron-induced recoil particle tracks to 
obtain maximum sensitivity, for a minimized etching time, as well as 
variations in mean track diameter and shape of the tracks are given here. 
2 
Sensitivity (tracks/cm «rad), mean track diameter, and optical density as 
functions of each mentioned parameter, when the other parameters were 
fixed, are reported. 
5.1 Effect of Polymer Type 
Many polymers such as cellulose acetate, cellulose acetobutyrate, 
cellulose tri-acetate, cellulose nitrate, and polycarbonate have been of 
interest for heavy charged particle track registration especially for 
fast-neutron-induced recoil particle tracks. As previously stated, the 
characteristics of these polymers for track registration vary from one 
polymer to another. These variations are due to many inherent character-
istics such as molecular weight, composition, mechanical and electrical 
properties, manufacturing, and permeability to many gases and water vapor. 
For example, polycarbonate has high mechanical strength, high electrical 
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strength (155 kv/mm) compared to cellulose tri-acetate (100-120 kV/mm), 
high specific volume resistance (~ 10 ohm*cm) compared to cellulose 
14 
tri-acetate (~ 10 ohm*cm), lower water absorption (~ 0.35 percent for 
24 hours) compared to tri-acetate and acetate having water absorptions of 
two to four percent and one to two percent, respectively, for 24 hours, 
high melting point (213°C), and low permeability to gases such as 0«, N„, 
C0?, and water vapor (Mayofis, 1966; Sweeting, 1971). Electrochemical 
etching seems to be most critical in relation to the mechanical and elec-
trical properties of these materials. It was essential in this study to 
select a material of high performance and with good dosimetric character-
istics for registration of fast-neutron-induced recoil particle tracks to 
study the electrochemical etching parameters listed in section 3.2.2 and 
for some fast neutron dosimetry applications. 
The above mentioned polymers of various thicknesses were irradiated 
by fast neutrons of equal doses and foils of 250 p,m were used in a com-
parison study. All the foils were etched in a 28 percent KOH solution at 
25°C applying 700 V at one kHz for three hours. All the amplified tracks 
after etching were larger in size than those obtained by conventional 
etching methods. Figure 1 (in Chapter I) showed the appearance of tracks 
in cellulose acetobutyrate obtained in a previous study (Sohrabi and 
Becker, 1971). Tracks in acetate and tri-acetate had the same appearance 
as those in Figure 1. In cellulose nitrate the tracks appeared slightly 
better in appearance than those in acetobutyrate. However, in polycarbo-
nate foils the tracks were registered so that each individual track could 
be observed with high contrast against the undamaged transparent surface 
of the polymer and they were very well identified either by the unaided 
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eye or under a microscope as stated before and shown in Figures 11 and 
12. Figure 14 shows a single recoil particle track in polycarbonate that 
was enlarged by electrochemical etching in 375 pjn polycarbonate foil in 
comparison with one that was enlarged by conventional etching methods. 
This direct visual comparison of the results obtained by the two etching 
methods makes it self-evident why it was of interest to further investi-
gate electrochemical etching of recoil tracks in polycarbonate and to 
optimize the parameters that are of importance in controlling the sensi-
tivity and track diameter, both of which are of interest for dosimetric 
studies. 
In addition to variations in different polymers, there are varia-
tions observed in commercial polycarbonates which represent differences 
in molecular weight, additives and stabilizers, minor addition of co-
reactants and fillers, etc. Even a large difference exists between mo-
lecular weights of cast-grade and extruded-grade polycarbonate foils lead-
ing to different performance under different electrochemical etching 
treatment (Sweeting, 1971). For example, 250 pjn polycarbonate foils ob-
tained from West Lake Plastics (WLP), Lenni, Pennsylvania, could stand 
etching treatment up to 6.5 hours before a hole or holes broke through 
the foil and etching stopped and they had higher background track density. 
On the other hand, similar foils obtained from Rowland Products, Inc., 
Kensington, Connecticut, could stand etching treatment under the same 
etching conditions up to five hours and had fairly low background. Thus, 
although no significant variation in sensitivity was observed in the men-
tioned foils, individual calibration for each brand or even each batch is 
highly recommended. The foils that were used as described in this chapter 
104 
w% ?OG,«m 1 
i 
.. 
Figure 14. A Single Fast-Neutron-Induced Recoil Particle Track 
Amplified by Electrochemical Etching in 375 ^m Lexan 
Polycarbonate Compared to Those Tracks Conventionally 
Etched in the Same Material 
105 
were WLP brand in the case of 125 and 250 pjn foils and RP brand in the 
case of 75, 375, and 500 \m foils. Foils of 250 (jLm thickness of both 
brands were used in some cases and are indicated in the text. 
5.2 Dependence of Etching Time on Foil Thickness 
In conventional etching techniques, the etching time required to 
obtain optimum track density is independent of foil thickness (unless 
spark counting techniques or other similar approaches are applied for 
track density evaluations). For electrochemical etching techniques, how-
ever, the sensitivity (tracks/neutron) or track density and corresponding 
optimum etching time depend strongly on foil thickness. Figure 15 shows 
sensitivity and mean track diameters as functions of polycarbonate foil 
thickness from 75 pm to 500 p,m. As can be seen, for the optimum etching 
times (upper scale) which depend strongly on foil thickness, sensitivity 
decreases and mean track diameter increases as the foil thickness in-
creases up to a thickness in which electrochemical etching becomes prac-
tically ineffective, as discussed below. This decrease in sensitivity 
with increase in thickness can be explained by the capacitive nature of 
the polymer material incorporated in the chamber. Referring back to 
Figure 7 in section 3.2.2, as the foil thickness increases the capacitance 
decreases, thus the current passing through the chamber decreases. This 
leads to longer etching times in thicker foils and shorter etching times 
in thinner foils. Furthermore, it seems that the current should be above 
a threshold value below which the track of a particle of certain LET 
(below a threshold) will not be amplified. Therefore, the sensitivity 
decreases with increase in foil thickness which is due to decreasing 
currents which are capable of amplifying only the higher LET particles. 
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Figure 15. Sensitivity and Mean Track Diameter as Functions of 
Polycarbonate Foil Thickness at Optimum Etching Times 
in 28% KOH Solution at 25°C Applying 800 V at 2 kHz 
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The large size of the tracks in thicker foils, however, seems to be due 
to two factors: (1) low current which amplifies only the higher LET 
tracks, and (2) long etching time, i.e. it is shown in these studies that 
the track diameter increases linearly with time (see below). 
Figures 16, 17, and 18 show sensitivity (tracks/n*rad), mean track 
diameter, and optical density as functions of etching time for 125 y,m 
polycarbonate foils etched in 28 percent KOH solution at 25°C applying 
650 V at one kHz. Figures 16 and 17 also show the results when 125 [im 
foils have been etched under optimized conditions which will be discussed 
below. As can be seen in Figure 16 (upper curve), some recoil particle 
tracks will be developed after about 30 minutes of etching reaching a 
plateau in about two hours. It seems that the amplified tracks under 
these etching conditions are due only to the surface tracks because of low 
surface etching at this temperature. It can be concluded that the tracks 
due to high LET recoils will be developed first followed by lower LET re-
coil tracks, reaching a plateau when all the tracks on the surface are 
amplified. It seems logical to accept the opinion that, if there were not 
an etching time limit due to perforations through the foils (which stops 
etching), the track density would tend to rise again after this plateau 
since more tracks would be developed from deeper layers. Figures 17 and 
18 show that mean track diameter and optical density are linear functions 
of etching time over a wide range of time. 
Similar studies were carried out for 250, 375, and 500 pjn thick 
polycarbonate foils. Sensitivity, mean track diameter, and optical den-
sity as functions of etching times followed the same general pattern as 
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Figure 16. Recoil Track Density per Rad of Fission Neutrons in 125 |j,m Thick Polycarbonate 
Foils as a Function of Etching Time at Two Different Etching Conditions (as 
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Figure 17. Mean Recoil Track Diameter as a Function of Etching Time 
in 125 |im Polycarbonate Foils Under Two Different Condi-
tions (as indicated) before and after Optimization of 
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Figure 18. Optical Density as a Function of Etching Time in 125 p,m Polycarbonate Foils 
Irradiated to Different Fission Neutron Doses, Etched in 28% KOH Solution 
at 25°C Applying 650 V at 1 kHz 
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time will be increased and the sensitivity will be decreased as the foil 
thickness increases. 
Etching time dependence on foil thickness was further studied under 
optimized electrochemical etching conditions (after all the parameters had 
been studied), i.e. etching the foils in 45 percent KOH solution at 25°C 
applying 800 V at two kHz. Figures 19 and 20 show, respectively, track 
density per rad and mean track diameter for fission neutrons as functions 
of etching time for four different foil thicknesses, i.e. 125, 250, 375, 
and 500 p,m. It should be noted that the time scales in this figure are 
multiplied by the time factors shown; for example, 3.0 hours on the time 
scale represents 1, 3, 9, and 15 hours for 125, 250, 375, and 500 jim 
thicknesses, respectively. As expected, the 125 pjn thick foil provided 
the highest sensitivity among the four thicknesses and 500 (ĵm showed the 
lowest sensitivity. Furthermore, as can be observed in Figure 16, the 
sensitivity (tracks/cm «rad) of the 125 (im foils etched in 45 percent KOH 
solution at 25°C applying 800 V at two kHz is about twice as high as that 
of foils etched in 28 percent KOH solution at 25°C applying 650 V at one 
kHz while the optimum etching time decreased by a factor of two from two 
hours to one hour as can be seen by comparing the upper and lower scales. 
Similarly, it is noted in Figure 17 that the track diameter decreases by 
a factor of about two when making the above changes in etching conditions. 
The optical density as a function of etching time in different thicknesses 
under the optimized etching conditions (shown to be similar to those of 
Figure 18) are given in Appendix A. 
Figure 20 indicates that: the mean track diameter can be written 
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Sure 19. Track Density per Rad as a Function of Etching Time in Polycarbonate Foils 
of Different Thicknesses Etched in 45% KOH Solution at 25°C Applying 800 V 
at 2 kHz 
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Figure 20. Mean Recoil Track Diameter as a Function of Etching Time in 
Polycarbonate Foils of Three Different Thicknesses (125, 250, 
and 375 ̂ m) Etched in 45% KOH Solution at 25°C Applying 800 V 
at 2 kHz 
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1-5 D = C t 
in which D = track diameter ((lift) , t = time (minutes) , and C. has values 
of 0.033, 0.014, and 0.0046 for foils of thickness 125, 250, and 375 |jm, 
respectively. 
The above observations reveal that electrochemical etching, under 
the electrochemical etching conditions applied, is inefficient for thick 
foils (e.g. Figure 15 indicates an etching time of 21 hours is required 
for the 500 ^m foils). Nevertheless, the following observation seems to 
be worth mentioning. Figure 21 shows a fast-neutron-exposed (1000 rads 
of fission neutrons) 500 jim thick foil etched for 21 hours in a 45 percent 
KOH solution at 25°C applying 800 V at two kHz. It can be seen from the 
data of Figures 15 and 19 that electrochemical etching is impractical for 
thick foils, e.g. 500 y,m when using these applied electrochemical etching 
conditions because of the low current (which is not enough to amplify 
tracks) and very long etching time. On the other hand, the foils are still 
in contact with the etchant so that recoil tracks can be etched in the 
same manner as conventional etching regardless of the applied field. 
Thus, the small dots in Figure 21 are recoil tracks revealed under the 
effect of only the etchant (i.e. conventional etching). The larger tracks 
are obviously due to the amplification by electrochemical etching and 
their density was neutron dose dependent. These very infrequent large 
tracks might be due to the existence of some traces of fissionable ma-
terials in the foils (Eichholz, 1975). 
Based on the above mentioned experiences on the electrochemical 





Figure 21. Micrograph of Fast-Neutron-Induced Recoil Particle Tracks 
in 500 ̂ m Polycarbonate Foils Etched in 45% KOH Solution 
at 25°C Applying 800 V at: 2 kHz for 21 Hours 
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ferred in most of this present study. They have a reasonable sensitivity, 
flexibility, lower cost, and a relatively short etching time (one to five 
hours). 
5.3 Dependence on Applied Voltage and Its Frequency 
The applied voltage imposes a force on the ions of the etchant so 
that they are attracted towards the electrode having the charge opposite 
that of the ions. The alternating nature of the applied voltage, i.e. its 
frequency, changes the directions of the ions twice each cycle leading to 
an alternating current through the chamber. For maximum sensitivity at a 
lower etching time, the electric potential and frequency must be chosen 
carefully. 
5.3.1 Applied Voltage 
Figures 22, 23, and 24 are typical sets of data showing the varia-
tion with the applied voltage across the electrodes of sensitivity (tracks 
2 
per cm *rad), track diameter, and optical density, respectively, when 
other parameters (as shown on the graphs) are maintained constant. As 
can be seen, these three variables tend to reach a semi-plateau above 
about 600 volts where the voltage of the system is much less critical and 
does not require unusual circuitry for regulation. Satisfactory and re-
producible results were obtained at any fixed potential between 600-1000 
V; however, at lower voltages, etching time must be increased. 
5.3.2 Frequency 
Proper operation of the electrochemical-etching technique depends 
critically upon the frequency of the electrical potential applied to the 
etching chambers and across the foils that separate the chambers. Fig-
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Figure 23. Mean Track Diameter as a Function of Applied Voltage in 250 ym Polycarbonate 
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Figure 24. Optical Density as a Function of Applied Voltage for Different Fission Neutron 
Doses Delivered to 250 (j,m Polycarbonate Foils and Etched in 28% KOH Solution 
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obtain maximum etching effectiveness, i.e. maximum sensitivity and maximum 
track diameter. Under these conditions the resonant frequency is at about 
two kHz where we obtain a maximum sensitivity, track diameter, and optical 
density as shown in Figures 25, 26, and 27, respectively. The first 
thought seems to be that these resonance peaks occur at the electrical 
resonance frequency given by f = 1/(2TT \/ LC ) in which f is frequency in 
hertz, L is inductance in henries, and C is capacity in farads. This would 
have provided a very simple explanation because at resonance the current 
I is a maximum and at any frequency is given by 
V 
To = — 
f2 + (2-fL - i^cT 
in which the potential V is in volts and current I is in amperes. How-
o o ^ 
ever, upon checking the values of L and C and measuring the current I as 
plotted also in Figure 25, it became evident that the resonant peak for 
maximum etch efficiency (~ 2 kHz) occurs far to the left of the very 
broad electrical resonance peak and the current I at maximum etching ef-
ficiency is only about l/3 of the current at electrical resonance. There-
fore, a semi-quantitative explanation for this resonance based on results 
obtained in the etch efficiency curves was developed. 
Due to the alternating nature of the applied voltage the diffused 
ions in the etchant move back and forth changing direction twice each 
cycle. This leads to a current through the chamber which depends strongly 
on the foil thickness as was illustrated in Figure 7. Figure 25 shows 
also the increase in the current by increasing the frequency of the applied 
voltage. By comparing this current curve with sensitivity curves shown on 
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the same graph, it seems that under conditions applied for each foil 
thickness the variation in sensitivity with frequency is controlled by 
the local current at the track site. 
At low frequencies (below the sensitivity peak) the average dis-
tance or amplitude of motion of the ions in each half cycle is much greate 
than the path length of the charged particle registered in the polymer. 
For example, at one Hz, the range of oscillations (amplitude) of the ion 
is approximately 300 p,m or many times the track length in the foils before 
2 
etching. In other words, the ion flux (ions/cm «sec) is low leading to a 
small local current which may or may not amplify the tracks under the 
conditions applied. At high frequencies, for example at 10 kHz, the ions 
are relatively fixed in position or have a range of oscillation of about 
0.03 |im per half cycle or only a small fraction of the length of tracks 
in the foil. Although at this frequency the current through the chamber 
-4 
is the highest (Figure 25), the ion drift is only about 10 times that 
at one Hz. Therefore, the ions at this frequency seem to stay essentially 
stationary leading to a very low local ionic current along a track which 
amplifies only the highest LET recoil tracks among the distribution of 
the tracks. However, at a frequency corresponding to the peak in the 
sensitivity curve, i.e. two kHz, the ions are displaced about 0.2 pjn per 
half cycle and this amplitude seems to provide the highest local ionic 
current along the recoil tracks (range < 5 |jm) leading to maximum energy 
deposition thus maximum etching at the track site. This current seems to 
be enough to amplify the tracks of both low and high LET recoil particles 
in the foil and leads also to maximum mean track diameter at this fre-
quency, thus maximum optical density (Figures 26 and 27). 
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Figure 25 also indicates similar variations of sensitivity as a 
function of frequency in polycarbonate foils of thickness 375 p,m, 250 (j,m 
in the same batch (WLP) and 250 p,m from another supplier (RP) keeping the 
other parameters the same in the three cases. All the foils performed in 
the same fashion; however, the width at half maximum is much smaller in 
375 |im foils. Foils having 250 |i,m thickness from the same batch (WLP) 
produced similar results using different power supplies under the same 
etching conditions. Foils having 250 jj,m thickness obtained from Rowland 
Products (RP) show a larger width at half maximum. For all practical 
purposes, however, the two kHz frequency can be applied for optimum re-
sults with all thicknesses. 
5.4 Dependence on the Chemical Composition, Concentration, 
and Temperature of the Etchant 
5.4.1 The Chemical Composition of the Etchant 
Etchant composition is critical for effective etching of charged 
particle tracks when other parameters are fixed. A number of different 
etchants have been recommended and used by many investigators as reviewed 
in Chapter II when conventional etching is applied. Alkali halide solu-
tions and in particular sodium hydroxide (NaOH), and potassium hydroxide 
(KOH) solutions have been the main etchants because of their availability, 
low cost, effectiveness, etc. They were used for electrochemical etching 
of recoil tracks in the following study. 
2 
Figures 28 and 29 show sensitivity (tracks/cm .rad) and mean recoil 
particle track diameter as functions of etching time for sodium hydroxide 
and potassium hydroxide when other electrochemical etching parameters 
have been fixed. As expected, the KOH solution is more effective in 
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Figure 28. Recoil Track Density per Rad as a Function of Etching Time in 250 \±m Polycarbonate 
Foils Using NaOH and KOH Solutions of 28% by Weight Concentration at 25°G Applying 
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Figure 29. Mean Recoil Track Diameter as a Function of Etching Time in 250 um Polycarbonate 
Foils Using NaOH and KOH Solutions of 28% by Weight Concentration at 25°C Applying 
1 kV at 2 kHz for 4 Hours NJ 
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electrochemical etching of charged particle tracks if larger track diam-
eter and higher track density in a shorter etching time is required. 
Figure 29 shows that mean track diameters using potassium hydroxide solu-
tion are about four times larger than those obtained by sodium hydroxide 
after about three hours of etching. However, the sensitivities seem to 
reach the same level by extended etching time in the sodium hydroxide 
solution (Figure 28). 
It is expected from these studies and those of others (Blanford 
et al., 1970; Dutrannois, 1971) using conventional etching techniques 
that the etching rate (increase in track diameter, |j,m/hour) will increase 
with molecular weight of alkali halides, i.e. increase in going from 
LiOH to NaOH to KOH to RbOH to CsOH. The radii of the alkali ions in 
aqueous solution increase in the above order while the hydration numbers 
(number of water molecules attached to an ion) decrease with this order 
(Kortum, 1965; Enge et al., 1974). Thus Li with the highest hydration 
number has the least mobility of the above ions and appears to have the 
least etching rate of the above etchants. Therefore, for the purpose of 
this research, potassium hydroxide was used as the principal etchant. 
5.4.2 The Etchant Concentration 
Etchant concentration (which in this case refers to KOH concentra-
tion) plays an important role in the control of sensitivity for recoil 
particle registration in polymer foils under electrochemical etching 
treatment. As it increases, surface etching increases leading to ampli-
fication of a larger number of tracks from deeper layers as will be shown 
below. Surface or bulk etching rates of 0.06 and 0.3 |im/hour (correspond 
ing to etching both sides of the foil) were obtained when 250 urn polycar-
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bonate unexposed foils were etched for four hours applying 800 V at two 
kHz, respectively, in 28 percent and 45 percent KOH solutions (by weight) 
at 25dC. These were found by weighing the samples before and after etch-
ing. The etching rate is neutron dose dependent and increases by increas-
ing neutron dose. Surface etching rates for irradiated foils are rather 
difficult to find since the weight loss at the track sites also contribu-
ted to the total weight less. Therefore, assuming that the weight loss 
is only to the surface etching, bulk etching rates of 0.45 and 1.2 [j,m/hr 
were found for 28 percent and 45 percent KOH solution, respectively, at 
1000 rads. In any case, these surface etching rates are much lower than 
those obtained by conventional etching methods which are commonly carried 
out at higher temperatures. For example, with conventional etching re-
coil particle tracks in polycarbonate foils are etched in 28 percent KOH 
solution at 60°C for four hours (Piesch, 1970). This leads to an increased 
surface etching and more tracks will be revealed from deeper layers to a 
point of equilibrium. This is one of the reasons that a lower sensitivity 
(tracks/n) is obtained by electrochemical etching compared to conventional 
etching methods as will be discussed in section 6.1. 
The concentration dependence of etchant has given interesting re-
sults. Figure 30 indicates how the sensitivity increases with concentra-
tion of potassium hydroxide when other parameters are maintained constant. 
Each error bar indicates the standard error of the mean. The relationship 
(for the least squares fit) in this case is given by the equation 
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Figure 30. Recoil Track Density per Rad as a Function of Potassium 
Hydroxide Concentration at 25°C (% by weight) in 250 |im 
Thick Polycarbonate Foils Etched by Applying 1 kV at 2 
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in which S = sensitivity (tracks/cm «rad) and C„ = the etchant concentra-
tion (percent by weight). This recoil particle track density increase is 
due to the increased surface etching as the concentration increases as 
mentioned above. For example, the surface etching rate in unexposed 
foils is about five times higher when etched in 45 percent KOH than 28 
percent KOH solutions. However, it leads to only two times the increase 
in sensitivity. Variations of the data from the linear fit curve in Fig-
ure 30 might be considered to be real and should not be overlooked. As 
was shown in Figure 20, the track density reaches a plateau after a time 
which depends on the foil thickness (e.g. after three hours for 250 ̂j,m) 
when other parameters are fixed. In Figure 30, two semi-plateaus are ob-
served by a careful look at the data points. If these plateaus are real, 
they might be due to the etching of tracks from different layers in the 
foil. For example, the first plateau showing the tracks on the surface 
(i.e. range of concentrations from ~ 24 to ~ 32 percent KOH). For the 
purposes of this discussion, it is assumed that within this concentration 
range, a plateau similar to those of Figure 16 is obtained. As concentra-
tion increases, tracks from a deeper layer start to show up and the same 
process might be repeated. Such tantalizing observations (speculations) 
will require more experimental research, however, before they can be es-
tablished as real. 
Figures 31 and 32 show mean track diameter and optical density as 
functions of potassium hydroxide etchant concentration, respectively. As 
can be seen, there is a cyclic variation in mean track diameter and opti-
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gure 32. Optical Density as a Function of Potassium Hydroxide Concentration for Different 
Neutron Doses in 250 ̂ m Polycarbonate Foils Etched at 25°C Applying 1 kV at 2 
kHz for 4 Hours 
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ing conditions. Within the limited data, a complete and convincing ex-
planation is impossible. However, a qualitative explanation may be fol-
lowed by dividing the curve into three regions. Also, the pattern of the 
curve in Figure 30 might provide some assistance in explaining these 
cyclic variations. 
Region (1) extends from about 10 to 31 percent concentration of 
KOH (Figure 31). In this region tracks may be considered to be due only 
to surface tracks, thus leading to an increase in track diameter and a 
plateau in track density in a similar fashion to tracks obtained by in-
creasing etching time as discussed above. Tracks in this region are com-
pletely round as shown in Figure 32. 
Region (2) extends from about 31 to 38 percent concentration of 
KOH. In this region it is assumed that bulk etching rate becomes signif-
icant washing out some portion of the tracks at the original foil surface 
so that the shape of the tracks becomes irregular as shown in Figure 33. 
Mean track density increases in this region. In the middle of this re-
gion tracks are quite nonuniform in shape becoming regular at the end of 
this region. 
Region (3) is above 37 percent concentration of KOH. In this re-
gion a semi-plateau is assumed again in track density leading to an in-
crease in track diameter. The tracks in this region appear circular 
again but not with sharp contrast as they look in Figure 34. Figure 35 
shows tracks etched in 45 percent KOH solution under the indicated etching 
conditions. 
Figure 33. Fission-Neutron-Induced Recoil Particle Tracks 
Polycarbonate Foils Etched in 28% KOH Solution 
Applying 1 kV at 2 kHz for 4 Hours 
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Figure 34. Fission-Neutron-Induced Recoil Particle Tracks in 250 pjn 
Polycarbonate Foils Etched in 34% KOH Solution at 25°C 
Applying 1 kV at 2 kHz for 4 Hours 
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Figure 35. Fission-Neutron-Induced Recoil Particle Tracks in 250 (j,m 
Polycarbonate Foils Etched in 45% KOH Solution at 25°C 
Applying 1 kV at 2 kHz for 4 Hours 
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5.4.3 The Etchant Temperature 
The undamaged surface etching rate (|im/hr) and mean track diameter 
(p,m) are both strongly dependent on etchant temperature. For example, 
when conventional etching has been applied, the bulk etching rate in {sili-
cone polycarbonate etched at 97°C was about 200 times higher than that at 
30°C (Fleischer et al., 1972). Furthermore, fission fragment track di-
ameters etched in cellulose acetobutyrate in 6.25 N NaOH at 60°C were 
about 10 times larger than those at 30dC (Blanford et al., 1970). 
Temperature of the etchant enhances both bulk etching rate and 
track diameter when electrochemical etching is applied. It also reduces 
the required etching time considerably. For example, as observed in these 
investigations the etching time was reduced from four hours to about 47 
minutes when 250 |j,m polycarbonate foils were etched at 60aC instead of 
25<5C. This reduction depends significantly on the foil material and 
thickness, etchant composition, concentration, voltage, frequency, etc. 
2 
Both sensitivity (track/cm «rad) and mean track diameter increase 
linearly with the etchant temperatures as indicated in Figure 36. In 
this case the best fit equations are; 
S = 9.5 T - 228 
D = 1.47 T - 35 
o 
in which S = sensitivity (track/cm -rad), T = temperature (°C) , and I) = 
track diameter (|j,m) . Figure 37 shows optical density as a function of 
etchant temperature for three different fission neutron doses for an etch-
ing time of 47 minutes. Although etching time is significantly reduced 
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Figure 36. Recoil Track Density per Rad of Fission Neutron and Mean Track Diameter in 250 \jm 
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ient and thus preferred for the remainder of our studies. Electrochemical 
etching operations at 25°C provide simplicity, convenience, no need for 
heating equipment, no need for temperature adjustment after each etching, 
more confidence in etching without breakdown through the foils, low etch-
ant evaporation and as a result stability of etchant concentration. How-
ever, if low etching times are of interest, higher concentrations (e.g. 
45 percent KOH) or the use of thinner foils (e.g. 125 jjtm) can compensate 
for etching times. 
5.5 Dependence on the Distance Between the Electrodes 
One of the factors which might seem to be crucial at first glance 
is the distance between the electrodes. However, since the current through 
the foil will not change appreciably with electrode position, no change in 
sensitivity is expected. Nevertheless since there are minor changes in 
the electrical characteristics with distance between the electrodes, some 
changes in track etching can be expected. Table 6 shows sensitivity 
2 
(tracks/cm «rad), mean track diametei:, and optical density at different 
distances between the electrodes when 125 p,m polycarbonate foils were 
etched in 45 percent KOH solution at 25°C applying 800 V at two kHz for 
90 minutes. 
As indicated in the table, no significant changes other than ex-
perimental variations have been observed in sensitivity as the electrode 
distances are increased. However, mean track diameter and obviously opti-
cal density have decreased slightly with increase in distance. Therefore, 
minor changes in the distance and angle between the electrodes do not 
cause significant changes in Che results. 
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Table 6. Sensitivity, Mean Track Diameter, and Optical Density of 
Fission-Neutron-Induced Recoil Particle Tracks in 125 ̂ m 
Polycarbonate Foils Etched in 45% KOH Solution at 25°C 
Applying 800 V at 2 kHz for 90 Minutes at Different Dis-
tances Between the Electrodes 




the Electrodes Diameter 
(cm) (tracks/cm -rad) (pjii) 10 1000 
3.5 (8.86 + 0.28) x 102 26.1 0.05 0.13 0.30 
8.5 (8.17 + 0.36) x 102 24.98 0.05 0.12 0.27 
13.5 (9.20 ± 0.38) x 102 21.53 0.05 0.11 0.26 
18.5 (8.48 + 0.29) x 102 20.9 0.05 0.09 0.23 
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5.6 Dependence on Particle Type and Bombardment Conditions 
Based on a discussion given in section 3.1, high LET heavy ions 
such as fission fragments produce high damage densities along their paths 
which can be easily amplified by an etching method. Fission fragments 
and heavy ions from an external source bombarding a polymer foil form 
tracks on the surface layer. Therefore, etching conditions such as using 
28 percent KOH solution at 25°C and applying 800 V at two kHz for a time 
which depends on the foil thickness can be applied. On the other hand, 
fast-neutron-induced recoil particle tracks are distributed throughout 
the foil and are formed by particles with different LET's. Therefore, 
etching conditions should be applied so that more tracks from deeper 
layers can be amplified to increase sensitivity for fast neutron detec-
tion. For example, using 45 percent KOH solution (when the other param-
eters are the same as above) will increase the sensitivity by a factor 
of two, as previously stated. The track diameter after an etching pro-
cess depends on the damage density caused by the particle and it in-
creases as this damage density increases. 
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CHAPTER VI 
NEUTRON DOSIMETRY APPLICATIONS 
Some detailed results on the optimization of electrochemical 
etching parameters for the amplification of fast-neutron-induced recoil 
particle tracks in Lexan polycarbonate were presented in Chapter V. 
Despite the physico-chemical results obtained, the characteristics of the 
foils as dosimeters need to be investigated. This chapter presents the 
results of dosimetry applications such as personnel dosimetry, fast neu-
tron contamination measurements of some high energy x-ray beams, and 
depth dose studies near biological interfaces. The foils used in the 
following applications were all from Rowland Products, Inc. 
6.1 Fast Neutron Personnel Dosimetry 
Some studies on the applications of track etch methods as alterna-
tives to the NTA films for fast neutron personnel dosimetry were given in 
a previous investigation (Sohrabi and Becker, 1971). Fission fragment 
232 237 
registration methods employing Th or Np-10 ptm polycarbonate (Kimfol) 
237 
combinations were reported. The Np demonstrated superior characteris-
tics in terms of sensitivity and lower neutron energy threshold. Fission 
fragment track counting by a spark counting method also simplifies this 
process. However, the use of fissionable materials for neutron dosimetry 
adds to the cost, complexity, and likely administrative problems* On 
the other hand, although recoil particle track registration in poly-
mers (i.e. no fission radiator) provides attractive features, it was 
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not seriously considered as feasible for routine fast neutron personnel 
dosimetry applications for reasons such as small size of the tracks ob-
tained by conventional etching methods which make track counting methods 
difficult and neutron dosimetry in the range of interest in routine do-
simetry impractical. 
It has been shown that spark counting of recoil particle tracks in 
conventionally etched foils is not efficient (Johnson and Becker, 1970). 
Also the preliminary results on the amplification of these tracks by elec-
trochemical etching have not lent encouragement to the immediate applica-
tion of this technique (Sohrabi and Becker, 1971). Recently, spark count-
ing of recoil particle tracks in 10 jj,m polycarbonate foils by extended 
etching (Becker and Abd-el Razek, 1974) and in six \$n aluminized polycar-
bonate foils (as studied in the early stage of this investigation) has 
been possible, as was reported in section 4.4. However, our experience 
based on some preliminary investigation reveals difficulties in this spark 
counting approach for large-scale neutron dosimetry. These include mainly 
the necessity for carefully controlled etching conditions, difficulty in 
handling the etched foils having thickness of about two to four p,m during 
the washing and drying processes, and during spark counting. Also spark 
count density will increase by successive spark counting and by movement 
of the etched foils on the electrode between each counting process. 
The findings and improvements made on the electrochemical etching 
of recoil tracks have overcome many shortcomings associated with this do-
simetry approach for many fast: neutron dosimetry applications especially 
for fast neutron personnel dosimetry. 
Figure 38 is a photograph of recoil particle tracks in 375 |im thick 
polycarbonate foils (RP) which have been exposed to different doses of 
Figure 38. Photograph of Fast-Neutron-Induced Recoil Particle Tracks in 375 jjjn Thick 
Polycarbonate Foils Exposed to Different Doses of Fission Neutrons and Etched £ 
in 287c KOH Solution at 25°C Applying 700 V at 1 kHz for 14 Hours o> 
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fission neutrons, etched in 28 percent KOH at 25dC applying 700 V at one 
kHz for 14 hours. This photograph makes evident the characteristics which 
simplify the task of describing the encouraging possibilities of applying 
this system for neutron dosimetry; the amplification of the tracks is so 
pronounced that one can easily sort visually a number of foils according 
to the neutron dose they have received. The wide dose range of this dosim-
eter is apparent from the photograph, covering one mrad to 1000 rads or 
higher if desired and it can be used for both routine and accidental dos-
imetry cases. The large size of the tracks also simplifies track density 
evaluation methods. 
It can be seen in Figure. 39 that the sensitivity of recoil particle 
track registration in Lexan polycarbonate after electrochemical etching 
covers quite adequately the wide dose range required for personnel dosim-
etry. The sensitivity can be adjusted also by choosing the proper foil 
thickness and etching conditions, for example the responses of two differ-
ent thicknesses such as 125 \xm polycarbonate foils (upper curve) and 250 
pbin (middle curve) are shown in Figure 39 when different electrochemical 
etching conditions are applied. The results are compared also to spark 
232 237 
count densities of Th and Np-10 |im polycarbonate (Kimfol) combina-
tions (Sohrabi and Becker, 1971). The track density obtained by micro-
scopic counting in 250 jim foils etched in 28 percent KOH solution at 25°C 
applying 800 V at two kHz for five hours is more than twice as large as 
232 
when using a thick Th-10 p,m polycarbonate combination. In 125 p,m 
foils etched for only 94 minutes in 45 percent KOH solution at 25°C apply-
2 
ing 800 V at two kHz the sensitivity is equal to that of the 2.8 mg/cm 
237 
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Figure 39. Recoil Particle Track Density in 125 and 250 (j,m Polycarbonate Foils (electro-
chemically etched) and Fission Fragment Spark Densities (conventionally etched) 
as Functions of Fission Neutron Dose 
co 
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when the 0.1 mg/cm Np-Au alloy/l0 jim polycarbonate combination is used 
(Cross and Ing, 1975a). 
Up to a few rads of fission neutrons, which is the range usually 
encountered in routine personnel dosimetry, track density can be deter-
mined simply by projecting the tracks on a microfilm screen. Up to about 
100 rads with foils etched under the above mentioned etching conditions 
track density determination can be carried out by microscopic counting. 
Above 100 rads of fission neutrons track density determination under a 
microscope becomes difficult because of the large size of tracks in 
thicker foils. However, by lowering the etching time, the linearity can 
be extended up to higher doses if visual counting is being applied. At 
doses greater than 10 rads the visible change in optical appearance of 
foils becomes so pronounced that optical densitometry or other similar 
methods can be applied. Figure 40 shows optical density as a function of 
the HPRR fission neutron dose in 125 |j,m thick polycarbonate foils etched 
from 0.5 to 3 hours. Similar response curves have been obtained also 
using thicker foils. Although simple optical densitometry (which is of 
value for patient monitoring and criticality accident cases) does not 
seem to indicate a sharp increase in optical density with increase in 
neutron dose, special lighting methods may improve the response. 
Care should be taken in the selection of polycarbonate foils since 
some foils might result in high background track densities (e.g. 500 
2 
tracks/cm ). This high background density seems to be due to many causes 
such as cosmic rays after a long term stocking period, mishandling of the 
foils during rolling and packaging by some vendors and during pre-etching 
processes such as punching the foils, etc. However, in the sheets used 
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Figure 40. Optical Density as a Function of Fission Neutron Dose (rad) in 125 [xm 
Polycarbonate Foils Etched for Different Etching Times in 28% KOH So-
lution at 25°C Applying 650 V at 1 kHz 
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in most of this application study the foils had very low background track 
density with reproducilibity from one sample to another, and good repro-
ducibility (+ 3 percent) was obtained. Nevertheless, for low neutron 
dose measurements in the lower part of the linearity range, foils of nil 
background track density are required to obtain high precision and accu-
racy so that each single track represents a meaningful measure of neutron 
doses at low neutron fluences. This does not seem to cause any serious 
problems since masked foils can be purchased or the foils can be especi-
ally manufactured, or the background tracks can be removed by special 
treatments. 
An important factor in the use of fast neutron dosimeters if worn, 
as is usually the case, on the front side of the trunk is their direc-
tional response. Neutron absorption in the body changes the neutron flux 
and energy distribution and the. inherent directional dependence of the 
detector will introduce an orientation dependence. The orientation de-
pendence of polycarbonate foils used as a belt around a water filled 
elliptical thorax phantom was studied. This study was similar to a pre-
vious investigation (Piesch, 1970) except in our case electrochemical 
etching was applied. Foils were punched at different locations along the 
belt, etched and the responses were measured as a function of orientation 
to the neutron sources. Corrections were made for the varying distance 
by a computer program and the data were normalized. 
Figure 41 shows the directional response of the recoil particle 
track method for 125 and 250 |im polycarbonate foils obtained on the men-
tioned phantom etched in 28 percent KOH solution at 25°C applying 800 V at 
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The results appear to be relatively independent of foil thickness except 
237 232 
for angles. Figure 42 shows results of Np and Th on 10 jj,m polycar-
bonate (Kimfol) used in the same fashion on the same phantom exposed to 
fission neutrons and when conventionally etched (Sohrabi and Becker, 1971). 
As expected, the orientation dependence of recoil particle track registra-
tion is more pronounced than is the case for fission fragment registration 
as can be seen for example by comparing the responses at 90° in the two 
cases. 
Directional dependence of recoil particle registration (Becker, 
1967; Piesch, 1970) and fission fragment registration techniques (Cross 
and Ing, 1975) have been the subject of some previous investigations. 
Even the fission fragment registration method shows some sensitivity de-
pendence on the direction of the incident neutron. The measured values 
of 0°/90° sensitivity were 1.15 + 0.03 for 237Np and 1.27 + 0.06 for 232Th 
foils for 14 MeV neutrons (Cross and Ing, 1975b). This ratio is more 
pronounced as indicated above for recoil particle registration, i.e. it 
is about 1.4 at the same energy (Becker, 1967). This ratio is energy de-
pendent and increases as the neutron energy decreases. 
Such directional dependence on the sensitivity is also very pro-
nounced in NTA photographic films (Piesch, 1963; Krishnamoorthy and Venta-
karaman, 1973). However, in the case of recoil particle track registra-
tion in polycarbonate foils, this directional dependence can be corrected 
or compensated by many means. For example, for radiotherapy applications 
such as beam measurements or patient monitoring in which the directions 
of neutrons are known, the response can be corrected by the use of data 
such as those given in Figure 41. Another correction method is to bend 
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Figure 42. Directional Response of Th and Np-10 jjm Kimfol 
Dosimeters for Fission Neutrons (after Sohrabi and Becker, 
1971) 
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the foils in a circular or semi-circular fashion on a Lucite tube (e.g. 
one cm in diameter depending on the size of the foil). Figure 43 shows 
the percent sensitivity as a function of angle between the foil plane and 
the direction of incident neutrons for both rolled and unrolled foils. 
The straight line is obtained by counting the tracks on the foil strip 
facing the direction of the beam. Counting the whole area of the rolled 
foils leads to sensitivities varying by about 25 percent around the 
straight line. More precise rolling methods will minimize these varia-
tions. Furthermore, the diameter of the tube and the thickness of the 
foil are important factors relating to microscopic cracking which will be 
amplified by electrochemical etching. Other approaches such as mounting 
two, three, or four foils on the walls of a small cube may be applied als 
and prove more practical in special cases such as area monitoring. 
Very little fading of "latent" recoil particles and fission frag-
ment tracks can be expected to occur even under unfavorable working con-
ditions and in tropical climates having high humidities (Becker et al., 
1972; Piesch and Sayed, 1974; and this study). As can be seen in Figure 
44, no fading of tracks has been detected at ambient room temperature for 
a period of one month (or even six months not shown on graph), and only 
10 and 30 percent fading have been observed by storing the foils at 40°C 
and 60°C, respectively, for the same period of time, and 30 percent for 
40 hour storage at 90°C. Piesch and Sayed (1974b) have also reported 
fading studies at different temperatures and humidities. Although it has 
been shown that 95 percent "latent" proton track fading occurs in NTA 
photographic film after 10 days storage at 5°C and 85 percent relative 
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fading indicates 80 percent fading in NTA films after nine days storage 
at 30°C and 76 percent relative humidity, while only 22 percent recoil 
particle track fading has been observed in polycarbonate after 21 days 
storage under the extreme conditions of 50dC and 97 percent relative 
humidities. 
In Figure 45, sensitivity (tracks/n) of recoil particle registra-
tion is given as a function of neutron energy by three different inves-
tigations (Becker, 1967; Jozefowicz, 1973; and this research). The first 
two neutron energy dependence studies by Becker (1967) , and Jozefowicz 
(1973) were carried out using conventional etching methods. In particu-
lar, Jozefowicz (1973) has placed more emphasis on the energy response 
around one MeV to verify the threshold energy for neutron detection which 
is about one MeV in this case. His data agree well with experimental 
values obtained by Becker (1967). As can be seen in Figure 45, the sensi-
tivities obtained by electrochemical etching under the indicated etching 
conditions are lower by a factor of three to four (when 250 p,m polycar-
bonate foils were used) compared to the values obtained by conventional 
etching. This was expected from the findings of this research, since as 
previously stated only recoil tracks registered on the surface layers 
are electrochemically etched under the non-equilibrium conditions applied. 
In conventional etching, however, which is usually carried out at a higher 
temperature (e.g. 60°C), etching is extended to a point where equilibrium 
is reached between disappearance of surface and near surface tracks and 
revealing of tracks from deeper layers. Fortunately, when electrochemical 
etching is applied, the sensitivity as previously stated can be further 
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percent KOH. The increased sensitivity is due to the appearance of more 
tracks from deeper layers. 
The sensitivity response of recoil particle track registration 
follows approximately the rem response recommended by ICRP as stated by 
Becker (1967), even at the higher energies investigated in these studies. 
The sensitivity curve obtained by electrochemical etching in this research 
agrees well in the lower energy region with the other investigations but 
shows relatively higher sensitivity at higher energy where it matches the 
rem response. At the indicated etching conditions, a track density-to-
rem conversion factor of 105 ± 7 tracks/cm -rem was obtained from about 
1-20 MeV based on the data obtained from this study and shown in Figure 
45. This factor can be increased by using other etchant concentrations 
or other alternatives. 
Both theoretical and experimental results show a neutron threshold 
energy of about one MeV for fast-neutron-induced recoil particle track 
registration in polycarbonate when conventionally etched (Jozefowicz, 
1971, 1973). This threshold can be concluded also from Figure 45. Part 
of the reason for this high energy threshold has been that proton tracks 
have been observed only in more sensitive polymers such as cellulose ni-
trate and cellulose acetate (Varnagy et al., 1971; Carpenter and LaFleur, 
1972; Luck, 1974). In polycarbonate, only tracks due to recoil carbon 
and oxygen with a threshold energy corresponding to elastic scattering of 
neutrons of energy greater than one MeV have been observed. This thres-
hold, however, depends on the etching method and the applied etching con-
ditions. As previously stated, electrochemical etching relying on the 
conductive energy loss along the tracks behaves quite differently and 
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seems to amplify in polycarbonate tracks of carbon and oxygen of lower 
LET than those revealed by conventional etching methods and even proton 
tracks are revealed (Sohrabi and Morgan, 1975). 
To investigate the possibility of proton track registration in 
polycarbonate, foils were irradiated by different broad beams of protons 
ranging from 100 to 900 keV in 100 keV intervals. Although the experi-
ments were very crude, small tracks were observed spread over a large 
area in foil irradiated at 300 keV and higher. Figure 46 shows 500 keV 
proton tracks in 250 jjjn foils electrochemically etched in 28 percent KOH 
solution at 25°C applying 800 V at two kHz for four hours. There is a 
slight doubt about the mentioned proton threshold energies which needs to 
be clarified. 
When urea pellets were used in contact with polycarbonate foils 
(as stated in Chapter IV) to produce protons under thermal neutron irradi-
14 14 
ation due to the N(n,p) C reaction, clusters of tiny tracks were ob-
served in certain spots only after foils were electrochemically etched 
under the mentioned etching conditions used above. Figure 47 shows clus-
ters of expected 0.5 MeV proton tracks as well as a few scattered large 
tracks produced by fast neutrons. The small tracks as indicated on the 
figure were found only on the foil side facing the urea pellet. The 
larger tracks were found on both sides of the foils whether cadmium covered 
or not, while no small tracks of the above nature were found in cadmium 
covered foil combinations. The track density caused by fast neutrons 
2 
under cadmium covered foils was found to be 105 tracks/cm -min correspond-
ing to one rem/min of fast neutrons at the beam portal of the Biomedical 
Facility of the Georgia Tech Research Reactor while operating at one MW. 
gure 46. Tracks of 0.5 MeV Protons in 250 jjfli Polycarbonate Foils 
Etched in 28% KOH Solution at 25°C Applying 800 V at 2 
for 4 Hours 
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Figure 47. Tracks of 0.5 MeV Protons and Fast-Neutron-Induced Particles 
in 250 pjn Polycarbonate Foils Etched in 28% KOH Solution at 
25°C Applying 800 V at 2 kHz for 4 Hours 
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Further, very tiny tracks of protons were also observed under a light 
microscope in a red-dyed cellulose nitrate foil-urea combination when 
foils were etched conventionally in 28 percent NaOH at 256C for 24 hours. 
Under these experimental conditions and the above mentioned observations, 
it may not be far from fact to expect that a portion of observed tracks 
is due to fast-neutron-induced recoil protons. More careful quantitative 
proton studies need to be performed to remove any doubt concerning regis-
tration of proton tracks and the threshold for their registration. 
The size of tracks depends on type and energy of the incident 
charged particles, angle of incidence in the polymer, and the etching con-
ditions applied. Since neutrons result in scattered recoil nuclei at pre-
ferred angles depending on the neutron energies, some investigations have 
been carried out to use this approach in obtaining an indication of the 
neutron spectrum (Tuyn, 1970). However, due to the small size of recoil 
tracks obtained by conventional etching the technique is very tedious for 
such an application. On the other hand, electrochemical etching, result-
ing in such large tracks, might make this technique much simpler. Figure 
48 shows distributions of fast-neutron-induced recoil particle track di-
ameters in polycarbonate for three different neutron spectra: a fission 
spectrum (HPRR), a Pu-Be spectrum, and a spectrum of neutrons produced by 
bombarding a Be target with 50 MeV d ions. All data were obtained by 
visual measurements under a light microscope. Obviously, there are dis-
tinct differences in the distributions and the distributions are skewed 
more to the right as the neutron energy increases. 
Pre-irradiations of unexposed foils to high doses of gamma rays 
137 
from a Cs source produced no increase in neutron sensitivity up to 
Figure 48. 
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about 10 rads of gamma radiation after the foils were etched in a 28 
percent KOH solution at 25°C applying 800 V at two kHz for four hours. 
Only a 25 percent increase in sensitivity was obtained for Pu-Be neutrons 
following gamma doses as high as six mrads. This increased sensitivity 
seems to be due to an increase in surface etching of polycarbonates. It 
appears that the electrochemical technique can be used for low fast neu-
tron contamination measurements in the presence of high energy x-ray 
beams produced by medical betatrons and linear accelerators. This is an 
area of neutron dosimetry where the recoil particle track registration 
method appears to offer many advantages over other methods. 
It was shown during this investigation that the neutron sensitivi-
ties are independent of the active area of the foils being etched. This 
result was obtained using 250 |j,m polycarbonate foils of 13 and 32 mm 
diameters. No difference was observed in the track densities in the two 
cases. This indicates that the reported data should be valid for foils 
having larger or smaller areas used in most of these experiments. There-
fore, by using foils having larger areas better sensitivities can be ob-
tained. 
6.2 Fast Neutron Dosimetry in High Energy X-Ray Beams 
Photoneutrons are produced whenever the photon energy exceeds a 
threshold value corresponding to the materials under irradiation such as 
target and collimator of medical betatrons and linear accelerators. Be-
cause neutrons are not effectively attenuated by shielding material pro-
vided for x-ray shielding and because of the higher biological effective-
ness of fast neutrons, the measurement of this component of the high energy 
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photon beams is of some importance to prevent excessive irradiation of 
the patients under treatment and proper shielding of the radiotherapy 
rooms for the protection of employees. Therefore, fast neutron contami-
nation measurement in high energy x-ray beams is of growing concern to 
medical physicists and companies supplying such machines for radiotherapy 
applications. Furthermore, the neutron energy spectrum and its flux de-
pend on the photon energy and upon target and collimator materials. 
Several investigations have been carried out to obtain neutron 
energy spectrum, dose, or dose equivalent in the beam of such high energy 
photon beams (Briden and Ice, 1972; Axton and Bardell, 1972; Wilenzick et 
al., 1973; and others). The measurements have consisted of activation of 
indium foils in spheres of different radii to obtain the neutron energy 
spectrum and the dose in the beam. Also measurements have been made by 
using fission fragment registration methods or the silicon diode technique 
(see the above references). Fission fragment registration itself has some 
sensitivity to photofission for which correction should be made (Wilen-
zick et al. , 1973). Activation detectors such as indium are post-
irradiation time-dependent which makes dosimetry by mail impracticable. 
Recoil particle registration methods with characteristics mentioned in 
the previous section, however, do not suffer from this defect so they can 
be used conveniently in a mail service. Fast neutron dose equivalents in 
a number of units (Clinac-18, Allis-Chalmers 25 MeV betatron, and Brown 
Boveri 45 MeV betatron) were under investigation by this particle registra 
tion method. This investigation was carried out to study the response of 
this dosimetry system under conditions where the neutron energy spectrum 
may not be known exactly and a low neutron dose is to be measured in the 
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presence of high doses of x-rays. Therefore, some preliminary results on 
neutron dosimetry of the txvo mentioned betatrons were obtained and are re-
ported here with the expectation of conducting a much more extensive study 
during the continuation of this study, 
The measurements were made along the central axis of each beam at 
the patient position, at the target-to-skin distances, and for field areas 
as were shown in Table 5 (Chapter IV). The polycarbonate foils of 250 pjn 
thickness after irradiation to different doses in the beam were etched in 
28 percent KOH solution at 25°C applying 800 V at two kHz for four hours. 
The track densities obtained were converted to rem by dividing them by 
the track density-to-rem conversion factor given in section 6.1. Figure 
49 shows fast neutron dose equivalent (rem) as a function of high energy 
photon dose (rad) for a 25 MeV and a 45 MeV betatron as stated above. 
According to the data it can be concluded that the responses are linear 
functions of the photon dose strongly suggesting an insensitivity of the 
detection system to high doses of x-rays. It can be concluded also that 
for a patient treatment of 1000 rads of photons the ratios of fast neutron 
dose-equivalent to photon dose equivalent are 0.0066 and 0.0127 delivered 
along the central axis at TSD's of 100 and 110 cm, respectively, for the 
25 and 45 MeV betatrons surveyed in this study. The measurement of the 
neutron contamination in these machines by other methods is under investi-
gation and will be reported elsewhere (McGinley et al., 1976). 
6.3 Neutron Depth Dose Studies 
Experimental measurements and calculational treatments of neutron 
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level of saturation. Extensive calculational treatments of neutron depth 
dose by Snyder and Neufeld (1955); Auxier et al. (1968); Jones et al. 
(1971), and by many other investigators and experimental measurements em-
ploying various neutron beams and measurement conditions in terms of neu-
tron energy, collimation arrangements, measurement methods, etc, (Mills 
and Hurst, 1954; Smith and Booth, 1962; Clifford, 1968; Lawson and Watt, 
1964; Lawson et al., 1967; McGinley, 1971; Mijnheer et al., 1974; Hubbel 
et al., 1974; and others) have furnished much of the required information 
on homogeneous phantoms for neutron therapy and radiation protection pur-
poses. Therefore, in recent years interest has shifted toward studying 
dose distribution in more realistic non-homogeneous phantoms, i.e. in 
media simulating the complexity and heterogeneity of a human body which is 
the object of interest in neutron therapy, human radiography, and radia-
tion protection (Wilkie, 1971; Budinger et al., 1971; Bewley and Catterall, 
1973). For example, presence of lungs has been shown to have a signifi-
cant effect on neutron dose distribution (McGinley, 1971; Mijnheer et al., 
1974). Presence of bone also causes deviations in neutron dose distribu-
tion. In particular, due to the presence of biologically important tissues 
in bone in terms of radiation damage, there has been a growing interest in 
performing neutron-depth dose distributions both by theoretical calcula-
tions (Lawson, 1967; ICRU, 1969; Prasad et al., 1971) and experimental 
measurements (Poston, 1971) at and near bone-tissue interfaces. 
Lack of satisfactory localized experimental data at bone-tissue 
interfaces is due to poor spatial resolution of most dosimetry systems 
as was discussed in Chapter I. Extrapolation chambers are nearly ideal 
detectors for such conditions but are useful only in the hands of the 
1.71 
skilled researcher and require many adjustments and modifications if 
accurate data are to be obtained. Therefore, polymer track detectors pro-
vide some attractive features (as stated in Chapter I) for this type of 
application. 
Before studying the distribution of dose near bone-tissue interfaces 
tissue-equivalent and bone-equivalent materials were investigated. Bone-
equivalent plastic (B-100) has been an equivalent: bone material used in 
many investigations both for construction of dosimeters and for incorpor-
ation into phantoms for studying heterogeneity due to the presence of 
bone imbedded in soft tissue (Poston, 1971; McGinley, 1971). In this 
material a high percentage of carbon has been incorporated to increase 
conductivity for construction of ionization chambers. Recently, a bone-
equivalent liquid has been introduced for construction of bone structures 
in accordance with mathematical phantoms developed by Fisher and Snyder 
(1967). As tabulated in Table 3, Chapter IV, composition of this BE 
fluid matches" closely the elemental content of the skeleton given by 
NCRP, No. 38 (1971). Therefore, it was of interest to us to verify 
experimentally neutron attenuation of BE plastic and BE fluid compared 
to TE fluid of Goodman (1969b) and to verify the possibility of using 
this fluid for bone-tissue interface studies. Furthermore, it seemed 
best to do this comparison along the central axis of an elliptical cylin-
der according to arrangements discussed previously in section 4.6.2. 
Figure 50 shows percent recoil particle tracks as a function of 
depth in the three mentioned media, i.e. TE fluid, BE fluid and BE plas-
tic, as obtained along the central axis of an elliptical cylinder exposed 
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Figure 50. Percent Recoil Tracks as a Function of Depth in an Elliptical 
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Neutrons Using 250 am Polycarbonate Foils 
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materials, jj, ̂  0,13 cm , was more pronounced than in the TE fluid, 
\i, — 0.148 cm . The responses in the two BE fluids matched perfectly 
well for this neutron spectrum. A similar comparison was made for higher 
energy neutrons (E = 15 MeV) using an extrapolation ionization chamber 
and a similar conclusion was obtained (McGinley and McLaren, 1976). 
For bone-tissue and air-tissue interface studies the cubical phan-
tom discussed in Chapter IV was used. It was constructed so that the 
central tube could be used to incorporate BE materials in TE fluid ac-
cording to the procedure described before. Polycarbonate foils incor-
porated into the cylinder were supported parallel to each other and 
250 (jbm apart so that the gap between could be filled by TE or BE fluid. 
Unlike most detectors, these sample holders could be placed right at the 
interface under study. Experiments were carried out for HPRR fission 
neutrons and a Pu-Be source. The source and phantom arrangements were 
discussed in Chapter IV. Some experimental results on these sources are 
given in the following. 
Generally, all experimental and theoretical data available rela-
tive to the bone-tissue interfaces indicate that the neutron dose delivered 
to bone is lower than that to soft tissue because bone has a lower hydro-
gen concentration and hydrogen delivers a high percentage of the dose to 
these tissues. At the interface, the dose is higher on the tissue side 
than on the bone side and increases further when continuing beyond the 
interface into the tissue reaching a maximum as distance from the inter-
face increases. The exact location of this maximum and its value depend 
on the neutron energy under consideration. The most relevant available 
data on these distributions are those of Poston (1971) carried out for 
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the HPRR fission spectrum, 14 MeV neutrons, and some isotopic neutron 
sources using an extrapolation ionization chamber. Therefore, they were 
used as a source of comparison in this investigation. Theoretical calcu-
lations of Lawson (1967) and Prasad et al. (1971) were valuable also in 
this study. 
For fission neutrons Poston (1971) drew the conclusion from data 
of Lawson (1967) that the location of the maximum dose in soft tissue is 
at 2.6 mm from the bone-tissue interface having a value of five to six 
percent higher than the value at the interface. Figure 51 shows percent 
recoil particle tracks as a function of depth in soft tissue away from 
the interface according to the arrangement shown on the figure. The BE 
plastic used in this investigation was four cm thick and was placed at a 
depth of five cm in the phantom forming a bone-tissue interface at nine 
cm depth. From these very preliminary results, it is not simple to draw 
a very meaningful conclusion; however, there seems to be a maximum at a 
depth of one to three mm in soft tissue with a value about 10 percent 
greater than the interface value. Results obtained at the air-tissue 
interface using the same beam showed a slight increase in percent recoil 
particle tracks with depth in soft tissue of the order of 10 percent. 
Confirming these values requires further investigation. 
Figure 52 shows percent recoil particle tracks as a function of 
depth in tissue away from the bone-tissue interface for a Pu-Be neutron 
spectrum. The BE plastic used in this investigation was also four cm 
thick and was placed at a depth of two cm forming the interface at six cm 
of depth in the phantom. The. average energy of the neutrons is about 
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Figure 51. Percent Recoil Particle Tracks at a Bone-Tissue Interface 
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case. The number of tracks at the maximum is about 2 5 + 5 percent higher 
than at the interface; this maximum occurs at a depth of about four mm 
into the tissue and away from the bone-tissue interface. The general 
trend of this distribution is similar to that which Poston obtained for 
the same spectrum. However, the maximum value and location appear slightly 
different. Figure 53 shows percent recoil particle tracks as a function 
of depth in BE fluid placed in the same phantom at a depth of two cm. 
The BE fluid was contained in a sealed cylinder five cm in diameter and 
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CHAPTER VII 
CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 
Electrochemical etching amplification of fast-neutron-induced 
recoil particle tracks registered in polymers was investigated to obtain 
information on the physico-chemical characteristics of the technique con-
trolling the amplification results and its feasibility for large-scale 
applications. The investigation included problems ranging from design 
and fabrication of an electrochemical etching S37stem feasible for multiple-
foil processing to studying electrochemical etching parameters controlling 
the etching results, and finally to the application of the developed dos-
imeters to fast neutron personnel dosimetry, fast neutron dose measure-
ments in high energy x-ray beams, and a study of neutron dose at biologi-
cal interfaces, 
Electrochemical etching systems were designed and constructed to 
have the capacity of simultaneous multi-foil processing. They were suc-
cessfully tested and improvements were made during the course of this 
investigation in terms of the etching chamber and the high voltage system. 
Two high voltage systems were developed that would supply the ne-
cessary voltage, frequency, and power capacity and each was found to give 
completely satisfactory results. It can be concluded from these studies 
that such a technique can be easily adapted to process a large number of 
foils simultaneously. This finding should be of immediate interest to 
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many laboratories and companies supplying neutron personnel monitoring 
services. 
Electrochemical etching parameters affecting the etching results 
were studied in considerable detail for the amplification of fast-neutron-
induced recoil particle tracks in polymers. In particular, it was found 
that the recoil tracks in polycarbonate foils can be amplified with sharp 
contrast against background so that each single track can be observed 
easily with the unaided eye. This amplification was sufficient that one 
can easily sort a number of foils according to the neutron dose they re-
ceived, ranging from one mrad to 1000 rad or higher. Lexan polycarbonate 
was chosen as the material of interest for the present investigation and 
to study parameters affecting the sensitivity (tracks/n«rad) and track 
diameter because it excelled in desirable characteristics for dosimetric 
applications. 
The effectiveness of electrochemical etching in terms of maximum 
sensitivity and minimum etching time was found to be highest in the thin-
ner foils. As foil thickness increases, sensitivity decreases and the 
time for optimum etching increases significantly. In thick foils (e.g. 
500 |im) , the electrochemical etching is practically ineffective in the 
present electrochemical etching system regardless of the voltage and fre-
quency applied across the chamber, i.e. only a few tracks were developed 
in 500 |im foils. 
In general, increasing etching time in a foil of a certain thick-
ness, when other parameters were kept constant, increased the track den-
sity which eventually reached a plateau. This plateau seems to be differ-
ent from the one obtained when conventional etching techniques are applied. 
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In conventional etching (usually in 28 percent KOH solution at 60°) ex-
tended etching leads to a plateau where equilibrium exists between the 
appearance of the new etched tracks from deeper layers and disappearance 
of the overetched tracks near the surface. However, in electrochemical 
etching (for example, when 250 |j,m polycarbonate foils were etched in 28 
percent KOH solution at 25dC applying 800 V at two kHz for four hours), 
it was found that general surface etching is low so that only tracks on 
the surfaces of the foils are amplified. Therefore, at first those tracks 
due to highest LET recoil particles amplified followed by gradual appear-
ance of tracks of lower LET recoil particles reaching a point where all 
the tracks from the surface have been amplified; then a plateau is ob-
tained. Measured mean track diameters were generally linear functions 
of etching time for electrochemical etching with different foil thick-
nesses and for different etching conditions that, were applied. 
Applied voltage has a distinct effect on the etching results. As 
2 
it increases the sensitivity (tracks/cm «rad) and mean track diameter in-
crease reaching a semi-plateau above 600-700 volts. Thereafter, above 
this, voltage, small variations in the applied voltage do not cause any 
significant effect on the etching results. Sensitivity and track diameter 
both increased in the same fashion as a function of the applied voltage. 
The sensitivity and mean track diameter were complex functions of the fre-
quency of the applied voltage. They formed bell-shaped curves with their 
maximum at about two kHz., The general shape of the curves was found to 
be independent of the two power supply systems applied and independent of 
the foil thickness. However, the response with frequency for 375 ^m poly-
carbonate foils seemed much sharper than for 250 pjii foils and slight dif-
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ferences were obtained in foils having the same thickness but originating 
from different manufacturers. Therefore, for all practical purposes, re-
gardless of the foil thickness applied, two kHz was chosen as the optimum 
frequency. 
Etchant concentration was found to have a very distinct effect on 
the etching results. The effects of NaOH and KOH solutions used as etch-
ants were compared as functions of etching time. For equal concentrations 
(28 percent by weight), KOH was more effective at a shorter etching time. 
However, in terms of sensitivity they both reach approximately the same 
level after an optimum etching time characteristic of the etching solu-
tions. On the other hand, there was a distinct difference between mean 
track diameters as a function of etching time with potassium hydroxide 
showing much larger mean track diameters at shorter time periods. The ef-
fect of concentration of etchant was studied and it was found that the 
sensitivity can be considered approximately a linear function of etchant 
concentration. However, mean track diameter is a complex function and 
appears to have a cyclic variation with the concentration. Also, appear-
ance and shape of the tracks are different for various concentrations. 
The effect of increasing etchant temperature is to reduce the time 
to amplify the tracks. However, in terms of increased sensitivity, at 
least under the conditions applied in these studies, no significantly 
better results were obtained above room temperature so most of the studies 
were carried out at 25°C. Higher temperatures add to the complexity of 
the etching system and require more carefully controlled etching condi-
tions. Moreover, etching at. 25°C provides convenience such as no require-
ment to heat the etchant and keep the evaporation low so that it can be 
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reused with reproducible results. However, if low etching times should 
be of considerable interest in routine applications, using thin foils 
(e.g. 125 p#i) an optimized etching time of one to one and one-half hours 
o 
provides good sensitivity (tracks/cm .rad). 
Electrochemical etching results were found to be independent of 
the foil size used. Distance between the electrodes had no significant 
effect on sensitivity when other parameters were fixed. Only slight de-
crease in track diameter was observed as the distance between the elec-
trodes increased. Therefore, the volume of the chamber could be mini-
mized, i.e. use a chamber of short length to minimize the amount of etch-
ant required. Also slight variations in the angle between the electrodes 
do not affect the reproducibility of the etching results; however, it: is 
wise to keep the electrodes parallel to the plane of the foils. Due to 
our time restrictions, the effect of electrode sizes was not studied, but 
the size of the electrodes was kept the same as the area covered by the 
foils in order to obtain a uniform field across the foils. 
It can be concluded from these experimental results that the appli-
cability of this technique for large-scale uses is evident. The parameters 
affecting the etching results can be controlled easily and the effective-
ness of the technique is far superior to conventional etching methods. 
The optimized etching conditions for most of the dosimetric applications 
which follow are using 125 or 250 \±m polycarbonate foils etched in 28 or 
45 percent KOH solutions at 25dC applying 800 V at two kHz for an etching 
time which depends on the foil thickness. As previously stated., sensi-
tivity increases with etching time reaching a plateau which in this case 
corresponds to the appearance of all surface tracks. Operation of the 
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etching on this plateau makes the sensitivity relatively independent of 
the etching time. However, track diameter continues to increase linearly 
with etching time in this plateau region so that if track evaluation 
methods (such as optical densitometry) are being applied, the etching 
time must be carefully controlled. It should be further mentioned that 
the applied electrochemical conditions are not necessarily the ultimate 
choice of parameters for these may vary according to the application and 
type of output information required. 
One of the main objectives of applying such advanced and elaborate 
etching methods was amplification of fast-neutron-induced recoil particle 
tracks in the hope of overcoming some of the shortcomings of recoil par-
ticle track etching using conventional methods. One of the most important 
shortcomings that we overcame was the small size of the tracks which had 
made track density evaluation methods difficult and neutron detection at 
low neutron fluxes impractical. Furthermore, the results were compared 
to existing data on the fission fragment registration methods using the 
spark counting technique and our results revealed that this method pro-
vides many advantages over fission fragment registration which is in the 
process of being used in many laboratories for their routine personnel 
monitoring as a replacement for the unsatisfactory NTA film method. 
Some advantages of fast-neutron-induced recoil particle track am-
plification in polymers, in particular Lexan polycarbonate by electro-
chemical etching, for fast neutron dosimetry and personnel monitoring in-
clude the following: 
1. The detector is fast neutron sensitive and insensitive to high 
4 
doses of x, beta, and gamma radiation (e.g. insensitive up to 10 rads). 
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Therefore, the detector can be used even for fast neutron contamination 
measurements in high energy x-ray beams produced by betatrons and linear 
accelerators. 
2. A wide dose range can be covered from 0.001 to 1000 rads or 
higher provided that freshly prepared polycarbonate foils are used in the 
low dose range. 
3. Track density evaluation can be carried out easily by micro-
scopic counting, projection methods (for example, on a microfilm screen), 
2 
optical densitometry, etc. Furthermore, if large areas (e.g. two cm or 
larger if desired) are scanned, extremely high sensitivity can be obtained. 
4. Polycarbonate is a hard and usually homogeneous material thus 
providing good reproducibility in the measurements. 
5. Polycarbonate with excellent latent track stability is suitable 
for long term integral dose measurements. 
6. High quality polycarbonate sheets are commercially available in 
different thicknesses at reasonably low cost so that the cost per foil is 
nil, thus two or more foils can be incorporated in a badge to improve the 
statistics. 
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7. There is no need for fissionable materials such as Th or 
Np. 
8. The sensitivity of the technique is comparable to the fission 
fragment registration technique and was found to be even equal to that of 
237 
Np on 10 |j,m polycarbonates. 
9. There is no need for darkroom processing as is required under 
nuclear track emulsion processing. (However, it requires electrochemical 
processing.) 
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10. The dosimeters are small, rugged, and inexpensive which to-
gether with the no fading of tracks make dosimetry intercomparisons by 
mail both practicable and desirable. 
11. The sensitivity (tracks/n) as a function of neutron energy 
was found to follow the ICRP rem curve. 
The principal characteristic of this foil dosimeter system which 
might lower the accuracy of the neutron dose measurement appears to be 
directional dependence of recoil particle, track registration. Unfortu-
nately, this seems to be a fault which is common to some extent in all 
personnel monitoring systems. The directional dependence is not much 
greater (if any) than that observed in the NTA film system and the fission 
fragment registration methods show some directional dependence. However, 
in the recoil particle registration approach this directional dependence 
can be corrected or compensated by many means such as rolling the foils 
around a Lucite tube or the use of a special calibration procedure. 
The threshold neutron energy detected by recoil particle track 
registration using conventional etching techniques is one MeV according 
to the existing data. This energy threshold when using electrochemical 
etching appears to be lower than one MeV; however, further research is 
necessary to obtain the exact value. 
Some preliminary results on the performance of the dosimetry sys-
tem developed under this investigation were obtained. The dose equiva-
lents of fast neutron contamination of two high energy x-ray beams from 
medical betatrons were measured and found to be in good agreement with 
other methods of measurement. 
Because this system of dosimetry offers exceptionally good spatial 
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resolution, it was used in some depth dose studies at bone-tissue inter-
faces. Comparisons were made also between the attenuation of neutrons in 
BE plastic and BE fluid. The results obtained for BE equivalent materials 
were in good agreement. The results of bone-tissue interface studies in-
dicated a build up region to the rear of bone near the bone-tissue inter-
face. This buildup was more pronounced in the case of neutrons from the 
Pu-Be source than for fission neutrons. It was concluded that the high 
spatial resolution of these dosimeters makes them ideal for this type of 
study. 
7.2 Recommendations 
While conducting this research and some concomitant studies, a 
number of related, new, and interesting ideas developed which deserve re-
finement and need to be further investigated. Additionally, these inves-
tigations would be consonant with the objectives of this research for the 
completion and improvement of this dosimetry technique as a standard 
method with high accuracy and precision for low neutron doses of interest. 
In this study, electrochemical etching systems were constructed 
and applied for etching six foils simultaneously. However, for large-
scale dosimetry etching systems to process simultaneously many more foils 
is necessary. The present study has shown the feasibility of a chamber 
for multi-foil processing. Such an electrochemical etching system is of 
interest not only for laboratory research but to vendors of film badge 
services, National Laboratories, and others concerned with large-scale 
dosimetry programs. 
Studies of electrochemical etching parameters affecting the ampli-
fication of recoil tracks provided many interesting and in some cases 
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tantalizing observations. To answer these questions with more confirming 
confidence requires that additional detailed experiments be conducted. 
Furthermore, having 10 different parameters affecting the etching results 
allows many alternate approaches some of which are believed to lead to 
additional improvements. 
Although the present study indicates the feasibility of this tech-
nique for immediate applications, background counts in some batch of poly-
mers used will limit the accuracy of the method for low neutron dose 
measurements. Therefore, in this case methods must be developed to remove 
the background tracks before use or to purchase freshly prepared or especi-
ally treated foil materials. If the background tracks were removed or 
the polymer were completely free from the background tracks, then any 
single track caused by cosmic radiation or other low neutron dose (e.g. 
around nuclear facilities) could be detected with high accuracy and pre-
cision in the measurements. 
Direct interaction of fast neutrons with polymers shows an inherent 
directional dependence as is the case with many other dosimeters. Fortu-
nately this drawback in this case can be compensated by wrapping the 
foils around a Lucite bar or by the application of other approaches as 
mentioned in the text. Some improvements were obtained but further work 
ought to be carried out to optimize the size of the foils and the diameter 
of the Lucite tube to prevent any microscopic cracks in the foil. If such 
approaches are being applied in routine use, then a special badge should 
be designed for this configuration. 
So far, there has been some question as to whether or not Lexan 
polycarbonate is sensitive to registration of proton tracks. It is 
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commonly believed that only carbon and oxygen recoils and alpha particles 
resulting from interaction of fast neutrons are recorded. There is no 
question but that recoils causing damage density greater than a critical 
value are recorded and these correspond to a certain neutron energy. 
Both theory and experiment seem to provide a neutron energy threshold of 
one MeV. Based on some preliminary results obtained in this study, it is 
believed that even proton tracks can be registered in Lexan polycarbonate. 
Therefore, as a result of these studies, there remains little doubt that 
there is a neutron threshold energy lower than one MeV when electrochemi-
cal etching is applied. However, there is need of further experimental 
investigation because of immediate interest in employment of this tech-
nique to fast neutron personnel dosimetry and the desirability of this 
dosimetry having an energy threshold below one MeV. 
Some preliminary results are given on the performance of the dosim-
eters developed in this research as applied in dose equivalent measure-
ments of fast neutrons in high energy x-ray beams from medical betatrons 
and linear accelerators. More studies should be carried out in the dis-
tribution of the dose equivalent: in and outside the mentioned beams. 
Experiments were carried out to compare the performance of bone-
equivalent plastic and liquid in the attenuation of neutrons in compari-
son with the attenuation in tissue-equivalent fluid in phantoms as a func-
tion of depth using fission neutrons. Such experiments should be carried 
out at high neutron energies of interest for neutron therapy. Further, 
calculational treatments should be carried out in the comparison of the 
two mentioned bone-equivalent materials, especially in the case of bone-
equivalent fluid which shows good flexibility for more sophisticated 
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heterogeneity studies in phantoms as a replacement for human bone. Fur-
ther experiments are recommended also at bone-tissue interfaces for 14 
MeV neutrons and those produced by medical cyclotrons that are used for 
neutron therapy. 
The above constitute only a few of the observed problems and areas 
where additional research is recommended. Some of these are under inves-
tigation in a renewal contract we have with the U.S. Energy Research and 




VARIATIONS OF OPTICAL DENSITY WITH ETCHING TIME AND NEUTRON 
DOSE FOR DIFFERENT POLYCARBONATE THICKNESSES 
Figures 54, 55, and 56 show optical density as a function of 
etching time in 125, 250, and 375 (j,m polycarbonate foils, respectively, 
exposed to various doses of fission neutrons and etched in 45 percent KOH 
solution at 25°C applying 800 V at two kHz. After the initial starting 
times, the optical densities are all linear functions of etching time and 
follow the same general trend. The optical densities obtained in each 
foil thickness exposed to the same neutron dose have approximately the 
same value. As was discussed in section 5.2, when foil thickness in-
creases the sensitivity (tracks/n) decreases and mean track diameter in-
creases so that these compensate for each other in the optical density 
measurements. Further, comparing these values to those shown in Figure 
18 obtained for 125 \jjn thick foils etched in 28 percent KOH solution at 
25°C applying 650 V at one kHz will show no distinct differences in terms 
of optical density for the different etching conditions applied. 
Figures 57, 58, and 59 show optical density as a function of fis-
sion neutron dose in 125, 250, and 375 |im polycarbonate foils, respec-
tively, etched for several etching times under the above mentioned etching 
conditions. These curves are not linear at the lower neutron doses. How-
ever, in certain thicknesses (Figure 58) linearity is obtained above 10 
rads indicating that conditions can be adjusted to obtain such linearity. 
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Although this optical dosimetry approach by regular densitometers does not 
provide the most sensitive reading method, it provided enough sensitivity 
to optimize the parameters studied and could be used for large-scale dosim-
etry when there is interest only in the high dose range (e.g. above 10 rads). 
It also shows the feasibility of how best to control responses when other 
reading methods are applied. 
Figure 60 shows variations of optical density in 250 \^n polycarbo-
nate foils with neutron doses for different applied voltages. A similar 
family of curves has been obtained by varying the etchant concentration, 
frequency, etc. Such conditions may be changed to obtain the desired 
response curve as a function of dose. 
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